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Recent  approaches  to  the  problem  of  the  gamma-ray  laser  have  focused  upon 
upconversion  techniques  in  which  metastable  nuclei  are  pumped  with  long 
wavelength  radiation.  At  the  nuclear  level  the  storage  of  energy  can 
approach  tera-Joules  (10l2J)  per  liter  for  thousands  of  years.  However,  any 
plan  to  use  such  a  resource  for  a  gamma-ray  laser  poses  problems  of  a  broad 
interdisciplinary  nature  requiring  the  fusion  of  concepts  taken  from 
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20.  Abstract  (continued) 


relatively  unrelated  fields  of  physics.  Our  research  group  has  de¬ 
scribed  several  means  through  which  this  energy  might  be  coupled  to  the 
radiation  fields  with  cross  sections  for  stimulated  emission  that  could 
reach  10-17  cjn2.  Such  a  stimulated  release  could  lead  to  output  powers  as 
great  as  3  x  1(521  Watts/liter.  Since  1978  we  have  pursued  an  approach  for 
the  upconversion  of  longer  wavelength  radiation  incident  upon  isomeric 
nuclear  populations  that  can  avoid  many  of  the  difficulties  encountered 
with  traditional  concepts  of  single  photon  pumping/  Recent  experiments 
have  confirmed  the  general  feasibility  and  have  indicated  that  a  gamma- 
ray  laser  is  feasible  if  the  right  combination  of  energy  levels  and 
branching  ratios  exists  in  some  real  material.  Of  the  1886  distinguish¬ 
able  nuclear  materials,  the  present  state-of-the-art  has  been  adequate  to 
identify  29  first-class  candidates,  but  further  evaluation  cannot  proceed 
without  remeasurements  of  nuclear  properties  with  higher  precision.  A 
laser- grade  database  of  nuclear  properties  does  not  yet  exist,  but  the 
techniques  for  constructing  one  are  currently  being  developed.  Resolu¬ 
tion  of  the  question  of  the  feasibility  of  a  gamma- ray  laser  now  rests 
upon  the  determination  of:  1)  the  identity  of  the  best  candidate,  2) 
the  threshold  level  of  laser  output,  and  3)  the  upconversion  driver  for 
that  material. 

This  second  year's  report  continues  to  focus  upon  our  approach  that  is 
the  nuclear  analog  to  the  ruby  laser.  It  embodies  the  simplest  concepts 
for  a  gamma-ray  laser  and  not  surprisingly,  the  greatest  rate  of 
achievement  in  the  quest  for  a  subAngstrom  laser  continues  in  that 
direction.  For  ruby  the  identification  and  exploitation  of  a  bandwidth 
funnel  were  the  critical  keys  in. the  development  of  the  first  laser. 

There  was  a  broad  absorption  band  linked  through  efficient  cascading  to 
the  narrow  laser  level. 

During  this  reporting  period  we  discovered  that  comparable  structure 
exists  at  the  nuclear  level.  Giant  resonances  were  found  in  the  first 
two  of  the  29  candidate  isomers  that  could  be  tested.  When  pumped  with 
flash  x-rays  they  funneled  across  drastic  changes  of  angular  momentum 
the  populations  pumped  with  10*  to  106  more  efficiency  than  theory 
predicted.  In  a  major  milestone  experiment  populations  of  i^Ta™,  were 
dumped  with  peak  x-ray  powers  of  only  4W/cm2.  This  report  focuses  upon 
the  details  of  that  achievement,  the  implications  and  the  spin-off 
technology  realized  this  year. 
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PREFACE 


Presented  here  is  the  second  annual  report  describing  progress  in 
the  demonstration  of  the  feasibility  of  a  gamma-ray  laser.  The  contexts 
of  our  work,  both  historical  and  conceptual,  have  been  reviewed  in  the 
literature  and  it  suffices  here  to  repeat  only  the  consequences  of  the 
theoretical  renaissance  we  began  in  the  late  70' s.  So  great  is  the 
promise  of  these  new  upconversion  techniques,  that  a  gamma-ray  laser  is 
definitely  feasible  if  a  sufficiently  ideal  isotope  exists  in  reality. 
This  is  the  single  most  critical  issue  to  the  development  of  a  gamma-ray 
laser- -the  identity  of  the  most  nearly  ideal  candidate  for  upconversion. 

Despite  the  many  applications  of  beautiful  and  involved  techniques 
of  nuclear  spectroscopy,  the  current  data  base  is  inadequate  in  both 
coverage  and  resolution  either  to  answer  the  question  of  whether  an 
acceptable  isotope  exists  or  to  guide  in  the  selection  of  a  possible 
candidate  medium  for  a  gamma-ray  laser.  Problems  posed  by  the  evalua¬ 
tion  of  candidate  materials  are  of  a  broad  interdisciplinary  nature 
requiring  the  fusion  of  concepts  and  methodologies  from  previously 
unrelated  fields  of  physics. 

Of  the  several  possible  approaches,  it  is  the  nuclear  analog  of  the 
ruby  laser  that  embodies  the  simplest  concepts  for  a  gamma-ray  laser. 
Not  surprisingly,  the  greatest  rate  of  achievement  in  the  quest  for  a 
subAngstrom  laser  continues  in  that  direction.  This  annual  report 
focuses  upon  the  second  and  third  major  milestones  achieved  along  this 
path  of  research.  Last  year  the  first  had  shown  that  bandwidth  funnel - 
ing  works  at  the  nuclear  level,  just  as  it  did  for  ruby  on  the  molecular 
scale.  Experiments  pumping  ^Se  and  79gr  produced  eleven  orders  of 
magnitude  increase  in  fluorescence  intensity  over  what  could  have  been 
obtained  by  direct  excitation. 

This  year,  the  second  milestone  demonstrated  great  success  in 
optically  pumping  the  first  of  the  29  actual  candidates  for  a  gamma-ray 
laser,  ^-®^Tam.  Not  a  particularly  attractive  candidate,  a  priori  . 
180xara  had  been  the  only  one  for  which  a  macroscopic  sample  was  avail¬ 
able.  The  need  to  span  a  formidably  large  AJ  -  8  between  isomer  and 
fluorescence  level  supported  little  initial  enthusiasm  for  this  nucleus. 
However,  when  actually  pumped,  it  showed  the  largest  integrated  cross 
section  ever  reported  for  interband  transfer  in  any  material,  4  x  10'22 
cm^  eV.  This  corresponded  to  a  partial  width  for  absorption  from  180xam 
isomer  to  fluorescence  that  was  measured  to  be  about  0.5  eV,  a  value  far 


exceeding  the  1  peV  usually  offered  as  a  rule  of  thumb  that  would  limit 
the  interband  transfer  of  nuclear  population . 
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Achieved  most  recently  in  FY-87,  the  third  major  milestone  demon¬ 
strated  that  the  successes  with  180jam  COuld  be  extended  to  another  of 
the  29  candidate  isomers.  While  milligram- sized  samples  are  not 
available  for  any  of  the  remaining  28  candidates,  one  admits  an  alterna¬ 
tive  procedure  for  testing.  Instead  of  dumping  the  isomer  it  can  be 
produced  by  pumping  it  up  from  the  ground  state  with  flashes  of  x-rays. 
The  candidate  123'jem  £s  one  0f  few  which  has  both  a  radioactive 
signature  sufficiently  distinctive  to  permit  the  unequivocal  detection 
of  such  a  long-lived  isomer  and  a  stable  ground  state  from  which  to 
fabricate  a  target.  Reviewed  in  this  report  is  the  excitation  of  123q>e 
to  the  candidate  isomer  with  flash  x-rays  through  a  partial  width 
of  0.05  eV,  another  enormous  value.  The  inverse  could  easily  approach 
the  0.5  eV  measured  for  the  dumping  of  180-ram  since  pumping  down  in 
energy  should  be  more  favorable  than  pumping  up. 

These  results  with  seemingly  unattractive  candidates  indicate  the 
probabilities  should  be  raised  for  the  full  success  of  one  of  the  other 
27  materials.  Two  out  of  two  candidates  examined  to  date  have  narrowly 
missed  being  acceptable.  They  performed  10^  to  10^  times  better  than 
would  have  been  expected  theoretically.  Perhaps,  as  suggested  last 
year,  collective  oscillations  which  break  the  symmetries  of  the  nuclei 
provide  this  major  windfall  making  it  easier  to  dump  isomers  by  mixing 
single  particle  states  needed  in  the  transfer  process.  Much  more 
experimentation  will  be  needed  to  identify  whether  this  is  the  actual 
mechanism  responsible  and  to  understand  if  the  lessons  taught  by  these 
first  two  materials  are  generally  applicable  in  the  pool  of  candidate 
isomers . 

This  report  focuses  upon  the  details  of  these  major  milestone 
achievements,  their  implications  and  the  spin-off  technology  they 
motivated.  At  this  time  it  is  a  pleasure  to  have  the  opportunity  to 
thank  the  30  faculty,  students  and  staff  of  the  Center  for  Quantum 
Electronics  for  their  splendid  efforts  in  support  of  our  program  this 
past  year. 

■  C.  B.  Collins 

■  Director 

■  Center  for  Quantum  Electronics 
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MAJOR  MILESTONE  REPORT 


Affecting  the  Feasibility  of  Coherent  and  Incoherent  Schemes 
for  Pumping  a  Gamma-Ray  Laser 
October  16,  1987 

C.  B.  Collins,  Center  for  Quantum  Electronics,  University  of  Texas  at  Dallas 


Achievement 

X-ray  pulses  have  been  used  to  pump  very  large  amounts  of  nuclear  fluorescence 
from  hundred-microgram  quantities  of  the  first  of  the  29  candidate  isomers  to  be 
tested  for  a  gamma- ray  laser. 

Technical  Background 

The  nuclear  analog  of  the  ruby  laser  embodies  the  simplest  concepts  for  a 
gamma-ray  laser.  Not  surprisingly,  the  greatest  rate  of  achievement  in  the  quest 
for  a  sub Angstrom  laser  has  developed  in  that  direction. 

For  ruby  the  identification  and  exploitation  of  a  bandwidth  funnel  were  the 
critical  keys  in  the  development  of  the  first  laser.  There  was  a  broad  absorption 
band  linked  through  efficient  cascading  to  the  narrow  laser  level. 

Nuclei  to  be  used  in  the  analog  of  the  ruby  laser  can  start  in  either  ground 
or  isomeric  states.  However,  with  the  latter,  most  of  the  output  power  can  be 
derived  from  the  energy  stored  in  the  isomeric  state  at  its  creation.  Then  in 
addition  to  the  obvious  need  to  transfer  energy  in  order  to  reach  a  fluorescence 
level  to  be  populated  for  lasing,  there  must  also  be  a  substantial  transfer  of 
angular  momentum.  Major  milestones  we  reported  previously  proved  that  bandwidth 
funneling  worked  for  nuclei  of  simulated  candidates  but  the  change  in  angular 
momenta  did  not  need  to  be  very  large  in  those  materials.  It  was  found  that  nuclear 
fluorescence  could  be  pumped  by  flash  x-rays  through  integrated  cross-sections  as 
large  as  30  in  the  usual  units  (  x  10"29  cm2  keV) .  However,  many  of  the  29  actual 
candidate  isomers  have  angular  momenta  which  are  very  different  from  the  laser 
levels  to  which  they  are  supposed  to  be  dumped.  The  concern  has  lingered  that 
actual  candidates  would  have  pumping  cross-sections  of  only  a  minute  fraction  of  a 
unit,  if  not  actually  zero,  and  so  would  be  entirely  useless. 

Reported  here  is  an  experimental  breakthrough  which  answers  this  concern.  A 
population  of  candidate  isomer  180mTa  has  been  dumped  through  an  integrated  cross- 
section  of  80,000  units. 

Report 

Most  of  the  nuclear  data  bases  do  not  yet  record  the  recent  discovery  that 
nature's  rarest  element,  tantalum-180,  is  actually  an  isomer  lying  80  keV  above  a 
ground  state  which  is  unstable  against  transmutation  to  tungsten  and  hafnium. 

Having  a  very  high  spin  of  9~,  the  isomer  180fflTa  has  a  cosmic  lifetime  and  traces 
remain  on  earth  mixed  with  the  normal  commercial  tantalum,  181Ta.  Because  of  a 
curious  importance  to  the  cosmic  nucleosynthesis  of  the  heavier  elements,  astrophys¬ 
icists  have  studied  the  energetics  of  the  lower  levels  of  the  180Ta  system  as  shown 
in  Fig.  1,  except  for  the  broad  level  near  2000  keV  which  has  been  added  here  as  a 
result  of  our  work. 

In  this  major  milestone  experiment  about  500  pg  of  naturally  occuring  isomeric 
180wTa  diluted  in  4.75  g  of  181Ta  were  irradiated  with  the  bremsstrahlung  from  a  6  MeV 
linac.  The  accumulated  dose  at  2  MeV  near  the  peak  of  the  spectrum  was  3.8  x  1010 
photons/cm2 /keV .  The  excitation  energy  of  the  gateway  state  shown  in  Fig.  1  was 
assumed  to  be  2000  keV  in  order  to  obtain  a  minimum  value  for  the  cross  section, 
since  smaller  fluxes  were  available  at  even  higher  energies. 

The  spectrum  of  the  radioactive  debris  shown  in  Fig.  2  demonstrates  that 
isomeric  ^Ta  nuclei  were  pumped  through  a  broad  level  cascading  finally  to  the 
unstable  ground  state  of  18cTa.  The  amount  of  debris  determines  the  cross  section 
for  the  process  to  be  about  80,000  of  the  usual  units  (  x  10'29  cm2  keV) . 
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MAJOR  MILESTONE  REPORT 


Strengthening  the  Feasibility  of  a  Gamma-Ray  Laser 
February  8,  1988 

C.  B.  Collins,  Center  for  Quantum  Electronics,  University  of  Texas  at  Dallas 

Achievement 

Discovered  in  the  first  of  the  29  candidate  isomers  to  be  tested  for  a 
gamma- ray  laser  was  a  critical  nuclear  structure  enabling  performance  to  approach 
the  ideal.  Now  a  similar  arrangement  has  been  found  in  the  second  of  the  29 
candidates . 


Technical  Background 

The  nuclear  analog  of  the  ruby  laser  embodies  the  simplest  concepts  for  a 
gamma- ray  laser.  Not  surprisingly,  the  greatest  rate  of  achievement  in  the  quest 
for  a  subAngstrom  laser  continues  in  that  direction.  For  ruby  the  identification 
and  exploitation  of  a  bandwidth  funnel  were  the  critical  keys  in  the  development  of 
the  first  laser.  There  was  a  broad  absorption  band  linked  through  efficient 
cascading  to  the  narrow  laser  level. 

Recently  we  reported  a  major  milestone  which  showed  that  comparable  structure 
existed  at  the  nuclear  scale  in  the  first  of  the  29  candidate  isomers  available  for 
testing,  180Tara.  Populations  of  the  isomer  were  successfully  pumped  down  with 
flashes  of  x-rays  absorbed  through  an  astonishingly  large  cross  section  of  40,000  on 
the  usual  scale  (x  10-29  cm2  keV)  where  10  describes  a  fully  allowed  process .  This 
corresponded  to  a  partial  width  for  useful  absorption  of  0.5  eV,  even  better  than 
what  had  been  assumed  for  idealized  nuclei.  Such  extremely  favorable  attributes 
allowed  us  to  perform  those  experiments  with  as  little  as  one  milligram  of  180Tam. 

Milligram  sized  samples  are  not  available  for  any  of  the  remaining  28  candi¬ 
dates.  However,  one  admits  an  alternative  procedure  for  testing.  Instead  of 
dumping  them,  the  isomers  can  be  produced  by  pumping  them  up  from  the  ground  state 
with  flashes  of  x-rays.  The  candidate  123Teffl  is  one  of  the  few  which  has  both  a 
radioactive  signature  sufficiently  distinctive  to  permit  the  unequivocal  detection 
of  such  a  long-lived  isomer  and  a  stable  ground  state  from  which  to  fabricate  a 
target.  In  this  case  the  123Te  is  a  rare,  but  naturally  occurring  isotope  with  0.91% 
abundance . 

Reported  here  is  Che  excitation  of  12^Te  to  the  candidate  isomer  123Xem  with 
flash  x-rays  through  an  integrated  cross  section  of  10,000  units. 

Report 

The  excitation  of  123Te®  can  be  detected  by  the  159  keV  photon  emitted  with  84% 
efficiency  as  part  of  the  decay  scheme  of  this  isomer,  as  shown  in  Fig.  1.  After 
pumping,  the  intensity  of  this  spectral  line  should  decay  with  the  characteristic 
119.7  day  half-life  of  the  isomer.  In  this  major  milestone  experiment,  171 
milligrams  of  the  ground  state  123Te  diluted  in  32.4  grams  of  natural  tellurium  were 
irradiated  with  the  bremsstrahlung  from  a  6  MeV  linac.  The  accumulated  dose  at  2 
MeV  near  the  peak  of  the  spectrum  was  5.6  X  1010  photons/cm2/keV  delivered  in  a 
sequence  of  pulses  each  having  a  peak  intensity  of  about  4  W/cm2  at  the  sample. 

The  excitation  energy  of  the  gateway  state  was  assumed  to  be  2000  keV  in  order 
to  obtain  a  minimum  value  for  the  cross  section,  since  smaller  fluxes  were  available 
at  even  higher  energies.  Data  shown  in  Figs.  2  and  3  determined  the  integrated 
cross  section  for  the  process  to  be  about  10,200  of  the  usual  units  (x  lO^29  cm2 
keV) .  This  is  an  enormous  value  exceeded  only  by  the  cross  section  for  the  inverse 
process  of  dumping  the  only  other  laser  candidate  tested  to  date. 


COUNTING 


There  is  a  threefold  significance  to  this  demonstration  of  the  efficiency  for 
producing  populations  of  the  second  laser  candidate  to  be  considered. 

1)  The  first  and  second  real  isomers  to  be  tested  for  a  gamma- ray  laser  were 
successfully  destroyed  and  created,  respectively,  by  optical  pumping  with 
astonishingly  large  cross  sections.  The  partial  width  for  creating  the  1"Tem 
isomer  corresponds  to  0.05  eV,  an  enormous  value,  and  the  inverse  could  easily 
approach  the  0.5  eV  measured  for  the  dumping  of  180Tam,  since  pumping  down  in 
energy  should  be  more  favorable  than  pumping  up. 

2)  The  nuclear  analog  to  the  ruby  laser  is  a  fully  viable  scheme  for  a 
gamma-ray  laser,  and  both  180Tai11  and  123Te™  narrowly  missed  being  acceptable 
candidates.  They  performed  about  10^  and  at  least  108  times  better  than  would 
have  been  expected  theoretically. 

3)  These  results  with  seemingly  unattractive  candidates  indicate  the  proba¬ 
bilities  should  be  raised  for  full  success  of  one  of  the  other  27  materials. 

- Figure  1:  Schematic  energy  level  diagram  of  123Te. 

123Tpin  Half-lives  are  shown  in  ovals  to  the  right  of  the 

— *  g  levels,  and  energies  are  in  keV.  The  pump  band  is 

_ '2000  shown  by  the  arrow  pointing  upward  to  the  broad 

_ _ _  state  represented  by  the  rectangle.  Cascade  from 

I  this  gateway  is  not  known,  but  leads  finally  to 

i  the  isomeric  state.  The  resulting  population  of 

'  the  laser  candidate  123Teffl  is  detected  by  the  159 

keV  fluorescence  with  a  119.7  day  half-life. 


Figure  2  (top,  right):  Dotted  and 
solid  curves  show,  respectively, 
the  spectra  obtained  before  and 
after  pumping  some  of  the  171  mg 
of  123Te  to  the  isomeric  123Tem. 
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INTRODUCTION 


Efforts  to  demonstrate  the  feasibility  of  a  gamma-ray  laser  scored 
major  advances  in  1987.  Culminating  with  the  successes  in  optically 
pumping  the  first  of  the  29  actual  candidate  isomers,  priority  issues 
were  brought  into  better  focus  by  the  lessons  learned  from  a  wealth  of 
new  results.  Perceptions  were  advanced  so  greatly  that  it  has  become 
necessary  to  reassess  the  critical  issues  remaining  for  1988.  However, 
the  bottom  line  remains  the  same.  A  gamma- ray  laser  is  feasible  if  Che 
right  combination  of  energy  levels  occurs  in  some  real  material.  The 
likelihood  of  this  favorable  arrangement  has  been  markedly  increased  by 
the  experimental  results  of  1987. 

From  the  inception  of  the  gamma-ray  laser  program,  it  had  been 
realized  that  levels  of  nuclear  excitation  which  might  be  efficiently 
stimulated  in  a  gamma-ray  laser  would  be  very  difficult  to  pump  direct¬ 
ly.  To  have  sharply-peaked  cross  sections  for  stimulated  emission,  such 
levels  must  have  very  narrow  widths  for  interaction  with  the  radiation 
field.  This  is  a  fundamental  attribute  that  had  led  to  the  facile 
criticism  that  "absorption  widths  in  nuclei  are  too  narrow  to  permit 
effective  pumping  with  x-rays." 

The  same  concerns  had  been  voiced  in  atomic  physics  before  Maiman's 
great  discovery,  and  it  has  proven  very  useful  to  pursue  this  analogy 
between  ruby  and  gamma- ray  lasers.  The  identification  and  exploitation 
of  a  bandwidth  funnel  in  ruby  were  the  critical  keys  in  the  development 
of  the  first  laser.  There  was  a  broad  absorption  band  exciting  a  state 
of  Cr3*  which  quickly  decayed  by  cascading  its  population  into  levels  of 
lower  energy.  A  reasonably  favorable  pattern  of  branching  insured  that 
much  of  the  cascading  populated  the  narrow  level.  At  the  core  of  our 
simplest  proposal1  for  pumping  a  gamma-ray  laser  is  the  use  of  the 
analog  of  this  effect  at  the  nuclear  level  as  shown  in  Fig.  1.  A 
detailed  analysis  of  this  mechanism  was  reviewed  as  early2  as  1982  and 
has  been  emphasized  in  more  recent  reports3'4  together  with  the  break¬ 
through  actually  demonstrating  the  great  utility  of  bandwidth  funnelir.g 
at  the  nuclear  level.  Yields  of  gamma- ray  fluorescence  in  ^Se  and  ^Br 
were  enhanced  by  eleven  orders  of  magnitude  by  this  effect.5 
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Whether  or  not  the  initial  state  being  pumped  is  isomeric,  the 
principal  figure  of  merit  for  bandwidth  funneling  is  the  partial  width 
for  the  transfer,  babor.  Contributing  parameters  are  identified  in  Fig. 
2  where  it  can  be  seen  that  the  branching  ratios  ba  and  b0  specify  the 
probabilities  that  a  population  pumped  by  absorption  into  the  i-th  broad 
level  will  decay  back  into  the  initial  or  fluorescent  levels,  respec¬ 
tively.  It  is  not  often  that  the  sum  of  branching  ratios  is  unity,  as 
channels  of  decay  to  other  levels  are  likely.  However,  the  maximum 
value  of  partial  width  for  a  particular  level  i  occurs  when  ba  -  b0  - 
0.5. 


In  1986  one  of  the  strongest  tenets  of  theoretical  dogma  insisted 
that  for  processes  of  optical  pumping  involving  long-lived  isomers, 

babor  £  1.0  ^eV  ,  (1) 

so  that  the  efficacy  of  bandwidth  funneling  would  be  seriously  limited 
in  all  important  cases.  The  first  major  milestone5'7*8  of  1987  demon¬ 
strated  partial  widths  of  39,  5,  and  94  peV  for  the  excitation  with 

bremsstrahlung  of  isomers  of  ^Se ,  ^Br,  and  115In,  respectively,  from 
ground  state  populations.  While  providing  a  "moral  victory"  by  breaking 
the  absolute  limits  of  Eq.  (1),  these  results  still  left  an  aura  of 
credibility  to  the  rule-of-thumb  that  partial  widths  for  isomers  would 
be  limited  to  the  order  of  magnitude  of  peV . 

The  actual  measurement  of  partial  widths  involves  the  correlation 
of  fluorescence  yields  excited  by  a  pulse  of  continuous  x-rays  in  the 
scheme  of  Fig.  2  with  those  expected  from  the  expression,4'9 

N,'N«Z(i"T  ’  (2a) 

i 

where  N0  and  Nf  are  the  numbers  of  initial  and  fluorescent  nuclei 
respectively,  (<pj/A)  is  the  spectral  intensity  of  the  bremsstrahlung  in 
keV/keV/cm2  at  the  energy  Ej  of  the  i-th  pump  band,  and  the  summation  is 
taken  over  all  of  the  possible  pump  bands  capable  of  cascading  to  the 
same  fluorescence  level  of  interest.  The  is  a  combination  of  nuclear 
parameters  including  the  partial  width  babor  in  keV, 

(*baborao/ 2), 

Cl - .  (2b) 

Ei 
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where  a0  is  the  peak  of  the  Breit-tfigner  cross  section  for  the  absorp¬ 
tion  step.  The  combination  of  parameters  in  the  numerator  of  Eq.  (2b) 
is  termed  the  integrated  cross  section  for  the  transfer  of  population 
according  to  the  scheme  of  Fig.  2. 


Pump  Output 


{  Band  »  i  Band 


Figure  2:  Schematic  representation  of  the 
decay  modes  of  a  gateway  state  of  width  T 
sufficiently  large  to  promote  bandwidth 
funneling.  The  initial  state  from  which 
population  is  excited  with  an  absorption 
cross  section  o0  can  be  either  ground  or 
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Of  the  many  potential  systems  for  a  test  of  the  formulations  of 
Eq.(2a)  and  (2b),  the  literature10  supports  the  calculation  of  integrat¬ 
ed  cross  sections  for  very  few.  Table  I  summarized  those  which  are 
known  with  sufficient  accuracy  to  serve  as  standards.  In  the  convenient 
units  of  10-29  cm2  keV,  values  range  from  the  order  of  unity  to  a  few 
tens  for  bandwidth  funnels  that  are  sufficient  for  demonstrations  of 
nuclear  fluorescence  from  reasonable  amounts  of  material  at  readily 
accessible  levels  of  input.  The  largest  integrated  cross  section  ever 
inferred11  for  transfer  to  an  isomer  was  380  (x  10"29  cm2  keV)  for  a  pump 
band  in  87Sr  at  2.66  MeV.  Being  of  singular  size,  it  was  noc  considered 
as  a  proof  of  the  fallibility  of  the  rule  of  Eq.  (1),  established  some 
years  after  that  report. 


Table  I 

Summary  of  nuclides,  pump  lines,  and  integrated  cross  sections  for  the 
excitation  of  delayed  fluorescence  suitable  for  use  as  calibration 
standards . 

PUMP  LINE  itbjbjra^l 

keV  10*29  cm2  keV 


^Br 

761 

6.2 

77 Se 

250 

0.20 

480 

0.87 

818 

0.7 

1005 

30 

"Sin 

1078 

20 

In  a  series  of  experiments8'12  we  conducted  in  1987  that  were 
designed  to  confirm  the  optical  pumping  model  of  Eqs.(2a)  and  (2b), 
samples  of  the  standard  nuclei  of  Table  I  were  pumped  with  intense 
pulses  of  bremsstrahlung  from  the  DNA  nuclear  simulator,  PITHON.  The 
clear  signal - to-noise  ratios  that  typified  subsequent  measurements  of 
nuclear  fluorescence  excited  through  the  pump  bands  of  Table  I  are  shown 
in  Fig.  3.  The  quality  of  such  data  enabled  us  to  "invert"  Eqs.  (2a) 
and  (2b)  so  that  the  spectral  intensities  of  the  pump  could  be  obtained 
at  three  energies  from  the  measured  values  of  fluorescence  excited  from 
a  single  pulse.  Figure  4  shows  a  typical  result8  in  comparison  with  a 
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calculation  of  the  bremsstrahlung  spectrum  from  that  particular  source 
on  that  particular  shot.  Both  measurement  and  calculation  are  absolutes 
with  no  free  parameters  to  adjust.  Such  a  direct  measurement  of  the 
spectrum  from  an  intense  pulse  of  x-ray  continua  had  not  been  previously 
reported,  and  the  agreement  with  expectations  was  gratifying.  Moreover, 
it  confirmed  that  this  type  of  nuclear  analog  of  the  optical  double 
resonance  measurements  at  the  atomic  level  can  be  performed  with  a 
reasonable  level  of  accuracy  as  detailed  in  the  following  chapter. 


These  levels  of  fluorescence  are 
enhanced  eleven  orders  of 


magnitude  by  bandwidth  funneling 
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Figure  3:  Fluorescence  spectrum  from  a  target  containing 
1.25  g  LiBr  and  1.20  g  of  elemental  Se,  both  in  natural 
abundances,  excited  with  a  single  irradiation  by  the 
bremsstrahlung  produced  by  the  DNA/PITHON  electron  beam 
device.  Acquisition  time  of  this  data  was  80  s.  Prominent 
lines  are  contributed  by  the  isomeric  transitions  indicated . 
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Figure  4:  Data  points  plot  the  spectral 
intensities  measured  directly  with  our  nu¬ 
clear  activation  technique  using  the  param¬ 
eters  of  Table  1  in  comparison  to  the  spec¬ 
trum  computed  with  a  coupled  electron ,  pho¬ 
ton  transport  code  for  a  typical  PITHON 
shot.  Vertical  bars  show  uncertainty  in 
the  measurement  at  the  one  point  for  which 
that  uncertainty  was  larger  than  the  plot¬ 
ted  size  of  the  symbol. 


Tempering  expecCaCions  that  these  successes  might  be  readily 
extended  to  the  pumping  of  actual  isomeric  candidates  for  a  gamma- ray 
laser  was  a  concern  for  the  conservation  of  various  projections  of  the 
angular  momenta  of  the  nuclei.  Many  of  the  interesting  isomers  belong 
to  the  class  of  nuclei  deformed  from  the  normally  spherical  shape.  For 
those  systems  there  is  a  quantum  number  of  dominant  importance,  K,  which 
is  the  projection  of  individual  nucleonic  angular  momenta  upon  the  axis 
of  elongation.  To  this  is  added  the  collective  rotation  of  the  nucleus 
to  obtain  the  total  angular  momentum  J.  The  resulting  system  of  energy 
levels  resembles  those  of  a  diatomic  molecule  for  which 

E^K.J)  -  EX(K)  +  BXJ (J  +  1)  ,  (3) 

where  J  >  K  2  0  and  J  takes  values  |K|,  |K|  +  1,  |K|  +  2 .  In  this 

expression  Bx  is  a  rotational  constant  and  EX(K)  is  the  lowest  value  for 
any  level  in  the  resulting  "band"  of  energies  identified  by  other 
quantum  numbers  x.  In  such  systems  the  selection  rules  for  electromag¬ 
netic  transitions  require  both  |AJ|  £  M  and  | AK |  £  M,  where  M  is  the 
multipolarity  of  the  transition. 

In  most  cases  of  interest,  the  lifetime  of  the  isomeric  state  is 
large  because  it  has  a  value  of  K  differing  considerably  from  those  of 
lower  levels  to  which  it  would,  otherwise,  be  radiatively  connected.  As 
a  consequence,  bandwidth  funneling  processes  such  as  shown  in  Fig.  lc 
must  span  substantial  changes  in  AK  and  component  transitions  have  been 
expected  to  have  large,  and  hence  unlikely,  multipolarities. 

Attempts  to  confirm  these  rather  negative  expectations  in  an  actual 
experiment  have  been  confounded  by  the  rarity  of  the  29  candidate 
isomers  of  interest  for  a  gamma- ray  laser.  Experiments9  in  which  the 
simpler  cycle  of  Fig.  lb  was  pumped  through  a  change  of  AJ  -  A  or  5  with 
a  pulsed  source  of  continua,  at  first  confirmed  these  reservations, 
showing  an  integrated  cross  section  of  only  10-25  cm2  eV.  Such  values 
implied  that  one  of  the  constituent  transitions  was  significantly 
hindered  as  was  expected  for  nuclei  in  which  K  and  J  remain  good  quantum 
numbers  at  all  energies  of  relevance.  The  corresponding  partial  width 
was  only  37  peV,  again  tending  to  confirm  the  order  of  magnitude  for  the 
rule-of-thumb,  Eq.  (1).  Dogma  would  insist  that  partial  widths  decrease 
further  as  the  values  of  AK  needed  for  transfer  would  be  increased. 

From  this  perspective  the  candidate  isomer  ^OTa1"  is  the  one  of  the 
29  that  is  the  most  initially  unattractive  as  it  has  the  largest  change 
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of  angular  momentum  between  isomer  and  ground  state,  8h.  However, 
because  it  was  the  only  isomer  for  which  a  macroscopic  sample  was 
readily  available,  180Tal*  became  the  first  isomeric  material  to  be 
optically  pumped  to  a  fluorescent  level. 

This  particular  one  of  the  29  candidates  for  a  gamma-ray  laser, 
18<3Ta*,  carries  a  dual  distinction.  It  is  the  rarest  stable  isotope 
occurring  in  nature13  and  it  the  only  naturally  occurring  isomer.14  The 
actual  ground  state  of  180Ta  is  1*  with  a  half-life  of  8.1  hours  while 
the  tantalum  nucleus  of  mass  180  occurring  with  0.012%  natural  abundance 
is  the  9"  isomer,  ^Ta1®.  It  has  an  adopted  excitation  energy  of  75.3 
keV  and  half-life  in  excess  of  1.2  x  1015  years.14  Deexcitation  of  the 
isomer  is  most  readily  affirmed  by  the  detection  of  the  x-rays  from  the 
72Hf  daughter  resulting  from  decay  of  the  180Ta  ground  state  with  an  8.1 
hour  half-life. 

The  target  used  in  these  experiments15  conducted  at  the  end  of  1987 
was  enriched  to  contain  1.2  mg  of  180Ta*  in  30  mg  of  181Ta.  Deposited  as 
a  dusting  of  oxide  near  the  center  of  the  surface  of  a  5  cm  disk  of  Al 
and  overcoated  with  a  0.25  mm  layer  of  Kapton,  this  sample  was  believed 
free  from  self -absorption  of  the  x-rays  from  the  daughter  Hf. 

Figure  5  shows  the  spectra  of  the  enriched  target  before  and  after 
4  hours'  irradiation  with  the  bremsstrahlung  from  a  LINAC  having  a  6  MeV 
end  point  energy.  Figure  6  shows  the  dependence  upon  time  of  the 
counting  rate  observed  in  the  Hf(Ka)  peaks  after  irradiation.  Data 
points  are  plotted  at  the  particular  times  at  which  the  instantaneous 
counting  rate  equals  the  average  counting  rate  measured  over  the  finite 
time  interval  shown.  The  figure  shows  the  close  agreement  of  the 
measured  rates  to  the  decay  expected  for  a  half-life  assumed  to  be  8.1 
hours . 

From  these  data  and  the  calibrated  dose  from  the  pump  shown  in  Fig. 
7,  the  integrated  cross  section  for  the  deexcitation  of  the  isomer  can 
be  readily  calculated  if  the  reaction  is  assumed  to  occur  through  a 
gateway  state  narrow  in  comparison  to  the  range  of  energies  spanned  by 
the  irradiation.  A  minimum  value  of  err  -  4.8  x  lO"22  cm2  eV  is  obtained 
for  the  integrated  cross  section  if  the  gateway  energy  is  assumed  to  be 
near  2.0  MeV.  Even  larger  cross  sections  would  result  from  the  assump¬ 
tion  that  the  gateway  lies  at  higher  energies  where  the  pumping  flux  is 
decreased.  This  is  an  enormous  value  exceeding  anything  reported  for 
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any  interband  transfer  by  two  orders  of  magnitude.  In  fact,  it  is 
10,000  times  larger  than  the  values  measured  for  nuclei  usually  studied 
in  our  work.  Moreover,  the  relatively  straightforward  analysis  shown 
schematically  in  Fig.  8  leads  to  rather  astonishing  conclusions. 


TIME  (h) 


Figure  6:  Plot  of  the  counting  rates  measured 
for  the  Hf(Ka)  fluorescence  from  the  target  as 
functions  of  the  time  elapsed  from  the  end  of 
the  irradiation.  The  vertical  dimensions  of  the 
data  points  are  consistent  with  lo  deviations  of 
the  measured  number  of  counts  accumulated  during 
the  finite  counting  intervals  shown  at  the  top 
of  the  graph.  The  dotted  line  shows  the  rate 
expected  for  a  half-life  of  8.1  hours. 
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Figure  7:  Spectral  intensity  of  the  bremsstrahlung  used  for 
irradiating  the  tantalum  targets.  Obtained  as  the  total 
fluence  from  a  number  of  successive  pulses,  the  integral  over 
all  wavelengths  of  illumination  corresponds  to  a  peak  power  in 
any  single  pulse  of  only  4  W/cn£. 


Along  the  path  of  analyses  of  Fig.  8,  assumptions  are  shown  in 
ovals  and  derived  results  in  rectangles.  The  most  conservative  results 
continue  to  be  obtained  by  supposing  the  energy  of  the  gateway  band  to 
which  absorption  first  occurs  to  lie  around  2  MeV.  As  shown  in  Fig.  8, 
this  assumption  together  with  the  measured  number  of  decays  of  180Ta 
gives  the  value  being  reported  for  the  integrated  cross  section, 
(*bab foJY)  . 
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Figure  8:  Flow  chart  showing  the  interrelation  of  assumptions 
and  conclusions  reached  in  the  analysis  of  the  tantalum  data. 


To  obtain  the  partial  width  in  the  third  row  of  Fig.  8  requires  the 
Breit-Wigner  cross  section  which  peaks  at 


A2  2I.+1  1 

"  -  -  -  .  (4) 

lit  2Ig+l  c«p+l 

where  A  is  the  wavelength  in  cm  of  the  gamma  ray  at  the  resonant  energy, 
E{ ;  I,  and  Ig  are  the  nuclear  spins  of  the  excited  and  ground  states, 
respectively;  and  ap  is  the  total  internal  conversion  coefficient  for 
the  two -level  system  shown  in  Fig.  la.  The  value  of  ap  is  essentially 
zero  for  a  2  MeV  transition  which  is  highly  allowed;  and  even  were  it 
not,  a0  would  be  reduced  further  and  the  partial  width  would  become  even 
larger.  Nothing  is  known  about  the  spin  of  the  gateway  state,  but  it  is 
most  reasonable  to  expect  it  to  lie  between  that  for  the  initial  and 
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final  states.  In  that  case  Ie  <  Ig,  since  the  process  is  starting  on 
the  9"  state.  From  Eq.(4)  it  can  be  seen  that  the  assumption  Ie  -  Ig 
results  in  a  probable  overestimation  of  o0  and  again,  in  an  underestima¬ 
tion  of  partial  width.  Even  underestimated  in  this  way,  the  partial 
width  for  pumping  the  isomer  down  to  the  ground  state  is  an  astonishing, 

b.b^  -  0.5  eV  .  (5) 

With  this  result  of  Eq.(5)  the  guideline  of  Eq.(l)  is  completely 
destroyed  as  a  meaningful  rule.  The  tenet  of  faith  limiting  to  1  peV 
the  partial  widths  for  pumping  isomers  to  radiating  states  has  been 
proven  to  be  nearly  a  million  times  too  pessimistic .  An  extraordinary 
result  in  itself,  it  implies  yet  another  unexpected  feature.  If 
analyzed  further  as  describing  the  width  of  a  single  state  coupled  to 
the  isomer  and  toward  the  ground  as  shown  in  Fig.  lc,  it  must  be 
concluded  that  the  width  of  the  gateway  state  is  at  least  2.0  eV,  as 
shown  in  Fig.  3.  From  the  uncertainty  principle, 

r  -  h/r,-  ,  (6) 

where  rf  is  the  lifetime  of  the  funneling  state,  it  is  found, 

t1/2( gateway)  -  0.22  fs  .  (7) 

To  be  consistent  with  the  assumption  ba  -  b0  -  0.25  it  must  be 
concluded  that  the  total  width  of  2.0  eV  for  the  funneling  level  is 
contributed  equally  by  two  transitions,  each  of  1  eV  width.  As  shown  in 
Fig.  2,  one  must  connect  to  the  isomer  and  one  to  some  other  level  with 
angular  momentum  more  nearly  comparable  to  that  of  the  ground.  Transi¬ 
tion  strengths  are  often  measured  in  Weisskopf  units  (W.u.)  since  1.0 
tf.u.  is  the  maximum  possible  for  the  transition  of  a  single  nucleon  for 
a  given  multipolarity.16  Converted  into  those  units  the  transition 
probability  B(M)  for  one  of  the  component  steps  of  1  eV  width  would 
become , 

B(E1)  -  0.058  W.u.  ,  (8a) 


B(M1)  -  6.0  W.u.  ,  .  (8b) 

respectively,  depending  upon  whether  the  multipolarity  M  were  El  or  Ml. 
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Again,  these  are  enormous  strengths,  being  almost  without  prece¬ 
dent.  The  expected17  value  for  an  electric  dipole  transition  lies  in 
the  range  5  x  10"7  to  6  x  10"5  W.u.  for  heavy  nuclei  and  fewer  than  ten 
are  known17'18  to  approach  0.1  W.u.  at  these  energies.  For  those  excep¬ 
tional  cases,  the  width  of  the  upper  level  is  entirely  due  to  the 
contribution  from  a  single  transition.  Prior  to  the  results  being 
reported  here  there  were  no  cases  known  where  two  transitions  of  such 
strength  added  comparable  components  of  width  to  the  same  upper  state. 

The  situation  is  little  changed  if  the  transitions  are  assumed  to 
be  mediated  by  the  magnetic  dipole,  Ml  operator.  Generally,  not  as 
hindered  as  El  transitions,17  Ml  strengths  approach  0.1  W.u.  in  many 
cases.  However,  the  scale  of  the  W.u.  for  an  Ml  transition  is  smaller 
in  physical  units  of  width;  so  our  measured  widths  correspond  to  a  much 
larger  number  of  W.u.,  thus  presenting  the  equivalent  problem.  Fewer 
than  ten  Ml  transitions  are  known17  to  have  B(Ml)  >  1.0  W.u.  and  none 
are  paired  to  share  a  common  level. 

While  the  width  of  the  transfer  process  is  difficult  to  interpret 
in  the  context  of  a  single  funneling  state  in  a  single  particle  model,  a 
puzzle  of  comparable  complexity  is  found  in  the  efficiency  with  which  AK 
is  transferred.  We  have  not  yet  been  able  to  conceive  of  a  cascade  in 
the  framework  of  pure  single  particle  states  from  the  funneling  level  to 
the  ground  state  of  180Ta*  which  neither:  1)  provides  a  "short  circuit" 
of  the  flow  of  population  between  successive  levels  back  to  the  initial 
isomeric  state,  nor  2)  depends  upon  a  transition  away  from  the  funneling 
state  that  would  span  a  smaller  change  of  energy  and  thus  would  require 
an  even  greater  strength  in  W.u.,  nor  3)  shortens  the  lifetime  of  the 
isomer  by  requiring  the  existence  of  a  level  having  energy  below  that  of 
the  isomer  and  a  value  of  J  little  different  from  9.  The  width  could  be 
reduced  by  assuming  the  pumping  proceeded  through  1000  funneling  states 
of  comparable  energy,  but  then  the  problem  would  remain  that  each  had  to 
support  the  transfer  of  a  value  of  AJ  which  is  difficult  to  accept  even 
as  a  unique  accident. 


K'* 

V* 
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It  is  an  interesting  speculation  that  at  certain  energies  of 
excitation  collective  oscillations  of  the  core  nucleons  could  break  some 
of  the  symmetries  upon  which  rest  the  identification  of  the  pure  single 
particle  states.  If  single  particle  states  of  differing  K  were  mixed  in 
this  way,  the  possibility  for  transferring  larger  amounts  of  AK  with 
greater  partial  widths  might  be  enhanced. 

If  the  breadth  of  the  partial  cross  section  for  interband  transfer 
were  dependent  upon  a  collective  property,  a  very  large  integrated  cross 
section  for  pumping  isomers  from  ground  state  nuclei  might  be  found  to 
be  only  slightly  dependent  upon  the  detailed  single  particle  assignments 
of  neighboring  nuclei.  Just  such  an  effect  was  reported20  in  our  group. 
Integrated  cross  sections  of  the  order  of  10,000  in  units  o-f  1CT29  cm2 
keV  were  found  for  the  excitation  of  isomers  of  111Cd,  113In,  and  115In 
through  resonant  gateways  pumped  by  bremsstrahlung  from  a  linear 
accelerator  producing  most  of  its  intensity  near  2  MeV. 

Figure  9  shows  the  resulting  values  of  integrated  cross  sections  as 
functions  of  the  energy  E{  at  which  the  dominant  funneling  state  may 
lie.  The  trend  in  the  data  reflects  the  fact  that  the  accelerator 
produced  fewer  photons  at  the  higher  energies,  reaching  zero  at  6  MeV. 
From  Fig.  9  it  can  be  seen  that  integrated  cross  sections  for  the 
excitation  of  isomers  of  indium  and  cadmium  reach  10-22  cm2  eV  for 
pumping  through  channels  open  to  the  bremsstrahlung  from  a  6  MeV  linear 
accelerator.  This  is  three  orders  of  magnitude  greater  than  values 
characteristic  of  excitation  with  photons  of  energy  below  1  .4  MeV. 
Shown  for  scale  is  the  value  of  cross  section  which  would  correspond  to 
the  excitation  of  a  gateway  coupled  by  two  equal  El  transitions  of  the 
strength  shown.  The  similarity  of  results  for  nuclei  with  both  similar 
and  dissimilar  single  particle  structures  does  seem  to  support  the 
identification  of  this  strong  channel  for  optically  pumping  isomers  with 
some  type  of  core  property  varying  only  slowly  among  neighboring  nuclei. 

In  a  most  recent  effort  detailed  in  subsequent  chapters,  more 
nuclei  were  found  to  support  the  pumping  of  isomers  through  these 
enormous  integrated  cross  sections  approaching  or  exceeding  10“22  cm2  eV. 
As  will  be  seen,  the  partial  widths  nearly  anticorrelate  with  the  change 
in  AJ .  The  largest  remains  180Tam  with  a  change  of  AJ  -  8,  but  the  next 
is  195Pt  with  about  a  quarter  of  the  cross  section  for  AJ  -  6 .  Somewhat 
smaller  bandwidth  funnels  were  found  for  nuclei  for  which  AJ  -  4. 
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Whatever  the  mechanisms,  the  experimental  fact  remains  that  inter¬ 
band  transfer  processes  reaching  isomeric  levels  can  be  pumped  through 
enormous  partial  widths  reaching  0.5  eV,  even  when  the  transfer  of 
angular  momentum  must  be  as  great  as  AJ  -  8.  Elucidation  of  the 
process,  together  with  identification  of  the  gateways,  has  been  pro¬ 
pelled  into  a  place  of  importance  for  1988.  The  most  available  of  the 
isomeric  candidates  for  a  gamma-ray  laser,  180Ta",  was  shown  to  benefit 
greatly  from  this  facility  for  bandwidth  funneling.  Successfully  pumped 
with  bremsstrahlung  pulses  having  peak  intensity  of  only  4W/cm2,  the 
great  width  for  the  transfer  in  180Ta*  provided  for  adequate  fluorescence 
signals  from  a  milligram  of  isomer.  This  fixes  a  pragmatic  scale  for 
the  evaluation  of  the  other  28  candidates  whenever  samples  become 
available  in  milligram  quantities. 


CALIBRATION  OF  PULSED  X-RAY  PUMP  SPECTRA 


From  the  traditional  perspective  of  nuclear  physics,  the  analogs  of 
flash- lamp  pumping  are  known  as  (7,7')  reactions.  While  particle 
reactions  are  routinely  used  for  the  precise  measurement  of  nuclear 
parameters,  the  same  levels  of  accuracy  have  not  been  reached  in  the 
applications  of  (7,7')  reactions.  Although  examples  have  been  known 
for  over  50  years,21'22  only  a  few  tens  of  papers  can  be  found  in  the 
literature23  and  results  reported  for  the  same  reactions  show  extreme 
variance.  To  the  nonspecialist  this  would  seem  surprising  because  the 
analogous  optical  double  resonance  techniques  are  among  the  most 
powerful  investigative  tools  at  the  molecular  level. 

In  the  past,  the  principal  impediment  to  the  quantitative  study  of 
(7.7')  reactions  seems  to  have  arisen  from  the  difficulties  in  calibrat¬ 
ing  the  sources.  Both  accelerators  and  radioactive  decay  schemes  have 
been  traditionally  used  to  provide  electromagnetic  excitation  to 
reaction  sequences  such  as  shown  in  Fig.  1  in  the  previous  chapter. 
Unfortunately,  the  combination  of  high  flux  and  high  photon  energy  in 
the  excitation  step  has  not  permitted  the  use  of  standard  spectroscopic 
techniques,  and  thus  the  target  has  had  to  be  cycled  between  the 
irradiation  device  and  the  counting  facility.  In  practice  this  has 
meant  that  studies  were  limited  to  the  excitation  of  isomers  with  ru 
lifetimes  of  seconds  to  hours. 

The  difficulties  in  conducting  (7,7')  reactions  are  probably 
typified  best  by  the  excitation  of  the  269  minute  isomer  of  115In  at  336 
keV.  The  principal  gateway  state  that  is  radiatively  connected  to  both 
the  initial  and  the  final  isomeric  level  lies  at  1078  keV  and  can  be 
conveniently  excited  by  resonant  absorption  of  the  Compton  continuum 
from  a  ^Co  source  mounted  in  close  proximity.  Nevertheless,  an  experi¬ 
ment  reported24  in  1981  produced  such  an  excess  of  isomeric  population 
that  it  was  necessary  to  postulate  a  new  mechanism  in  the  115In  for 
nonresonant  absorption  of  the  undegraded  lines  from  the  50Co  source. 
Theory  has  not  yet  provided  a  process  of  the  needed  magnitude,  and  the 
most  recent  repetition  of  this  work25  has  suggested  that  the  excessive 
yield  resulted  not  from  dominance  of  an  unknown  process  but  rather  from 
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In  that  latest,  1986  experiment,  excess  production  was  not  observed.25 
Such  a  chaotic  level  of  contradiction  between  theory  and  experiment  and 
among  the  experiments  themselves  is  typical  in  the  literature  and 
attests  to  the  need  for  a  better  means  for  the  calibration  of  intense 
sources  of  continuum  radiation  at  energies  above  200  keV. 

Because  of  the  absence  of  dispersive  materials  for  such  energies 
and  because  of  the  similarity  of  the  absorptive  properties  contributed 
by  the  electrons  of  the  various  elements  above  200  keV,  the  absolute 
calibration  of  pulsed  electromagnetic  continua  has  been  virtually 
impossible.  All  large-scale  sources  have  been  "calibrated"  by  fitting  a 
standard  theoretical  form  for  the  intensity  of  bremsstrahlung  continua 
as  a  function  of  energy  to  the  end  point  energy  and  to  the  total  dose. 

Unfortunately,  dosimeters  are  not  uniform  in  their  response  to 
ionizing  radiation.  They  are  much  more  sensitive  to  the  lower  energy 
photons  and  thus  weight  by  a  large  factor  the  area  under  the  portion  of 
the  spectrum  most  likely  to  be  distorted  by  effects  of  self- absorption 
which,  themselves,  have  a  complex  dependence  upon  geometry.  The 
consequence  is  that  such  "calibrations"  are  very  sensitive  to  the 
particular  structure  of  the  spectrum  at  the  low  energies  and  so,  in 
turn,  are  strongly  affected  by  the  accuracy. of  the  parameterization  of 
the  individual  converter  being  employed.  It  is  not  surprising  that 
discrepancies  as  great  as  those  affecting  the  115In  experiments  with  ^Co 
sources  result  from  even  the  most  careful  efforts  with  accelerators. 

A  more  direct  means  of  calibration  is  offered  by  our  approach  to 
the  nuclear  analog  of  optical  pumping. 5>®»26  There  are  a  few  nuclei  which 
are  known  to  have  absorption  resonances  which  are  broad  enough  to 
channel  large  populations  to  readily  detected  states  but  which  remain 
narrow  on  the  scale  of  spectral  structure  of  available  sources.  These 
few  nuclei  have  been  characterized  by  other  types  of  nuclear  studies  and 
can  be  used  to  sample  narrow  slices  of  the  intensity  of  a  continuum. 
Last  year  we  demonstrated5  the  efficacy  of  this  technique  by  activating 
targets  of  ^Br  and  ^Se  for  the  characterization  of  a  pulsed  source  of 
bremsstrahlung  continua  at  spectral  intensities  of  the  order  of  1012 
keV/keV.  Excitation  was  provided  by  an  in-house  pulsed  electron  beam 
generator  having  a  nominal  end  point  energy  of  1  MeV.  Accuracy  was 
dependent  upon  the  precision  assumed  for  the  tabulated  values27  of 
nuclear  parameters. 
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Reported  this  year  was  an  extension  of  this  technique  to  the  larger 
range  of  photon  energies,  0.2  to  1.5  MeV,  and  for  intensities  to  1016 
keV/keV  using  the  same  target  nuclei,  ^Br  and  ^Se.  In  this  work  the 
self-consistency  of  the  nuclear  parameters  was  directly  determined. 
Important  changes  and  additions  were  found  to  be  necessary  and  these 
were  described.  The  resulting  tabluation  of  the  essential  nuclear 
parameters  is  now  self-consistent  and  capable  of  supporting  the  charac¬ 
terization  of  pulsed  x-ray  fluence  over  the  larger  range  of  energies  and 
intensities . 


Experimental  Method. _ 

A  schematic  drawing  of  the  apparatus  used  to  calibrate  the  PITHON 
nuclear  simulator  at  Physics  International  is  shown  in  Fig.  10. 
Although  only  two  counting  systems  are  shown  for  the  purposes  of 
illustration,  up  to  three  samples  could  be  irradiated  during  the  x-ray 
pulse  and  then  automatically  transferred  to  the  counters.  The  target- 
to- counter  transit  times  for  the  pneumatic  shuttles  were  measured  for 
each  shot,  and  averaged  about  1.0  second. 

For  the  work  described  here,  a  single  sample  which  incorporated  a 
mixture  of  LiBr  and  elemental  selenium  was  used.  Figure  11  shows  the 
construction  of  the  sample  and  lists  the  important  parameters  relating 
to  it.  After  arrival  at  the  counting  station,  the  sample  was  analyzed 
for  80  seconds,  which  represented  about  four  half-lives  of  the  17.4 
second  ^“Se  and  16  half-lives  of  the  4.8  second  ^Br.  Two-Nal(Tl) 
spectrometers  and  one  HPGe  system  were  employed  in  the  experimental 
series,  but  the  data  presented  here  was  obtained  exclusively  with  one  of 
the  3"  x  3"  Nal(Tl)  detectors.  Samples  with  longer  half-lives  (e.g. 
4.49  hour  115*In)  were  manually  inserted  in  the  spectrometers  after  the 
short-lived  materials  were  counted. 
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Figure  12:  Energy  level  diagram  of  the  excited  states  of  ^Sr  and  77 Se 
important  in  the  production  of  populations  of  their  respective  isomers. 
Half-lives  of  the  states  are  shown  in  the  ovals  to  the  right  of  each  and 
sequences  of  transitions  corresponding  to  the  (y ,y' )  reactions  leading 
to  the  isomers  are  shown  by  the  arrows.  Downward  y'  transitions  also 
include  effects  of  cascading  through  levels  other  chan  those  shown. 
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Results  and  Analyses 


During  the  period  of  these  experiments,  23  shots  were  successfully 
instrumented  with  the  calibration  target  and  pneumatic  shuttles.  The 
nominal  variation  of  20%  in  source  performance  was  augmented  by  the 
deliberate  programming  of  firing  parameters.  As  a  result,  shots  were 
obtained  for  end  point  energies  ranging  from  0.9  to  1.5  MeV.  A  spectrum 
of  the  fluorescence  obtained  from  a  typical  irradiation  was  shown  in 
Fig.  3  of  the  previous  chapter. 


Of  paramount  concern  in  the  examination  of  that  type  of  data  is 
whether  the  relative  yields  from  ^Br  and  ^Se  are  in  agreement  with  the 
accepted  values  for  the  nuclear  parameters  appearing  in  the  most  recent 
tabulations.10  The  first  step  in  the  resolution  of  such  a  question  is 
the  extraction  of  the  relative  numbers  of  excited  nuclei  actually 
produced  in  the  sample.  This  requires  correction  for  the  finite 
duration  of  the  sampling  period  over  which  the  fluorescence  is  counted, 
the  efficiency  of  the  detector,  the  probabilities  for  internal  conver¬ 
sion  rather  than  radiation  of  the  fluorescence,  and  the  fraction  of 
fluoresce:.^?  reabsorbed  in  the  sample.  While  the  first  three  correc¬ 
tions  - ce  readily  obtained  from  tables  or  by  calibration,  the  last  is 
dependent  upon  geometry  in  a  more  complex  fashion.  To  minimize  the 
importance  of  that  particular  correction,  small  samples  were  used  for 
which  the  effects  on  the  ^Br  and  ^Se  data  differed28  by  about  3 A. 


The  number  of  excited  nuclei  produced  in  the  course  of  an  irradia¬ 
tion  of  the  type  shown  in  Fig.  2  was  given  by  Eqs.  (2a)  and  (2b).  In 
Eq.  (2a)  the  first  term  in  the  summation  is  composed  of  the  nuclear 
parameters,  while  the  second  ratio  describes  the  intensities  of  the  pump 
x-rays  which  are  assumed  to  be  continuous,  at  least  without  structure  on 
the  fine  scale  of  the  nuclear  absorption.  In  particular,  the  combina¬ 
tion  ^(E,)/A  is  the  spectral  fluence  at  the  energy  E,-  in  units  of 
keV/keV/cm2.  Tacitly,  it  has  been  assumed  that  the  duration  of  the  pump 
source  is  less  than  the  fluorescence  lifetime,  ru. 
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The  nucleus  ^Br  is  unique  in  its  utility  to  efforts  at  calibration. 
According  to  latest  data,10  it  has  but  a  single  broad  level  connecting 
to  both  ground  and  fluorescent  states  in  the  energy  range  0  -  1.8  MeV. 
The  relevant  part  of  its  scheme  of  energy  levels  is  shown  in  Fig.  12. 
On  the  other  hand,  the  ^Se  nucleus  is  more  complex  having  at  least  four 
levels  funneling  to  the  same  fluorescent  transition  at  161.8  keV,  as 
shown  in  Fig.  12.  The  highest  at  818  keV  is  insufficiently  character¬ 
ized,  and  the  T,-  parameter  appearing  in  Eq.  (2b)  must  be  estimated. 
This  was  done  and  reported  previously.5  The  "best"  values29  of  the 
parameters  of  Eq.  (2b)  are  listed  in  Table  II  for  convenience,  together 
with  sources  of  the  basic  data  and  the  values  confirmed  by  this  experi¬ 
ment. 


Table  II 

Summary  of  nuclear  fluorescence  parameters  reconciled  by  this  work. 


NUCLIDE  Ein 

(keV) 


irb,b0ra0/2 

(10*29  cm2  keV) 

This  work 


^out 

(keV) 


Ref.  5 
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Of  the  23  shots  instrumented  in  this  experimental  series,  five 
benefited  from  additional  diagnostics.  From  records  of  the  time 
dependent  voltage  and  current,  the  spectral  fluence  was  calculated  with 
the  one -dimensional  coupled  electron/photon  Monte  Carlo  transport  code, 
TIGER,  an  established  procedure  in  the  c-beam  community.31  Results  are 
shown  in  Fig.  13  for  a  selection  of  those  five  shots.  If  plotted  on  a 
linear  scale,  those  spectra  would  be  considerably  more  concave  than  the 
idealized  approximation5  used  for  normal  incidence.  However,  the  ratio 
of  fluence  at  a  particular  energy  to  that  at  some  standard  can  be 
readily  parameterized  from  curves  such  as  shown  in  Fig.  13.  In  doing 
this,  the  energy  of  the  single  absorption  line  of  ^Br  at  761  keV  was 
chosen  as  a  standard.  Shown  in  Fig.  14  are  the  resulting  curves  for  the 
empirical  estimation  of  the  relative  spectral  intensity,  r(Ej), 

f ( Ef )  -  ^(E,-)/^(761  keV)  ,  (9) 

plotted  as  functions  of  the  end  point  energy,  V0,  for  four  different  E,- , 
250,  480,  818,  and  1005  keV.  Data  points  record  the  values  supplied  by 
the  TIGER  code,  and  the  curves  were  obtained  by  a  smoothing  procedure. 


0.0  0.5  1.0  1.5  2.0 
ENERGY  (MeV) 

Figure  13:  Plot  of  three  bremsst rah  lung  spectra  computed  with  the  TIGER 
code  for  the  particular  characteristics  of  three  electron  beam  discharg¬ 
es  from  the  PITHON  having  end  point  energies  V0,  as  indicated . 
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Figure  14;  Graphs  of  Che  relative  spectral  intensities  (Ex)  at  thi 
photon  energy,  £,• ,  plotted  as  functions  of  the  end  point  energy  of  Cht 
electron  beam  producing  the  bremsstrahlung .  Curves  were  obtained  b j 
smoothing  and  interpolating  between  the  data  points  representing  tht 
results  of  TIGER  code  computations ,  three  of  which  are  shown  in  Fig.  13 
Intensities  are  normalized  to  the  svectral  intensity  at  the  referenct 


N00014-86-C-2488 
UTD  #24522-964 


From  data  such  as  presented  in  Fig.  14  the  fluorescent  yield 
expected  from  ^Se  can  be  readily  computed  in  terms  of  that  actually 
observed  from  ^Br.  The  degree  to  which  the  calculated  yield  agrees 
4  with  the  measured  fluorescence  is  a  direct  indication  of  the  level  of 
consistency  between  the  values  compiled  for  the  nuclear  parameters  in 
Table  II.  This  can  be  appreciated  by  writing  Eq.  (2a)  for  the  irradia¬ 
tion  of  a  sample  of  ^Br, 


0(761) 

S (Br)  -  N(Br)£761  (Br)  -  ,  (10) 

A 

where 

(*bab0<T0r/2),- 

Si  -  -  ,  (ID 

Ei 


from  Eq.  (2b),  and  0(761)  is  the  spectral  intensity  at  Che  target.  The 
corresponding  expression  for  the  ^Se  is, 


S (Se)  -  N(Se) 


0(250)  0(480) 

^25o(Se)  -  +  f48o(Se)  - 

A  A 


0(818)  0(Ek) 

+  ?818^e)  -  +  Clc(Se)  - 

A  A 


(12) 


where  the  possibility  of  an  extra  contribution  from  an  unexpected  band 
at  Ejj  has  been  included. 


Dividing  Eq.  (12)  by  Eq.  (10)  and  substituting  from  Eq.-  (9)  and 
(11)  yields  after  some  rearrangement, 

S(Se)  N(Se)  f  ^5o(Se)  l48o(Se) 

-  -  -  -  r(250)  +  -  f(480) 

S(Br)  N(Br)  |761(Br)  (Br) 


^aia  ( Se ) 

^761  (Br) 


f (818) 


] 


N(Se)  ?k(Se) 

-  -  f(Ek)  .  (13) 

N(Br)  C761(Br) 
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while  formidable  in  appearance,  Eq.  (13)  has  a  very  straightforward 
interpretation,  namely, 

N(Se)  $k(Se) 

R(exp)  -  R(model)  -  _  _  f(Ek)  >  (14) 

N(Br)  *761<Br) 

where  R  is  the  ratio  of  the  numbers  of  excited  nuclei  produced  in  ^Se 
and  ^Br . 

Several  points  warrant  comment.  While  ^(Ej)  in  Eq.  (10)  depends 
upon  the  poorly- characterized  geometric  efficiency  through  which  the 
fluences  of  Fig.  13  are  actually  coupled  to  the  target,  the  relative 
fluence,  ^(E,-)  does  not.  Neither  does  it  depend  upon  the  entrance 
aperture  of  the  target.  A,  another  uncertain  quantity  in  real  configura¬ 
tions  . 

In  actual  experiments,  the  residues  between  experimental  data  and 
the  results  of  the  model  appearing  on  the  left  of  Eq.  (14)  should  be 
scattered  about  zero,  regardless  of  the  end  point  energy  of  the  irradia¬ 
tion-  -provided  the  model  is  complete.  If  an  unknown  channel  is  contrib¬ 
uting,  or  if  one  of  the  £,-(Se)  is  incorrect,  then  the  residue  should 
have  a  dependence  upon  experimental  variables  as  shown  to  the  right  of 
Eq.  (14).  Since  the  f(Ek)  of  Fig.  14  have  considerably  different 
functional  dependences  upon  V0,  it  should  be  possible  to  identify  the 
particular  Ek  contributing  the  residue,  provided  enough  variation  of  V0 
can  be  introduced  into  the  experiment. 

For  the  23  data  points  of  this  experiment,  the  residues  computed 
from  Eq.  (14)  do  not  scatter  about  zero.  Figure  15  shows  a  plot  of  the 
resulting  residues  as  functions  of  end  point  energies.  The  functional 
dependence  is  striking  and  fits  a  line  intercepting  the  horizontal  axis 
near  1  MeV.  Inspection  of  the  right  side  of  Eq.  (14)  suggests  that  this 
would  be  consistent  with  the  contribution  from  an  additional  transition 
with  a  threshold  energy  for  excitation  near  1  MeV. 


N00014-86-C-2488 
UTD  #24522-964 


O 


55 

QJ 

CO 

Q 

fo 

UJ 

Q: 


0.0  0.5  1.0  1.5  2.0 


END  POINT  ENERGY  (MeV) 


Figure  15:  Plot  of  the  residues  obtained  from  the  application  of  Eq. 
(9)  to  the  data  for  a  model  containing  the  three  lowest  energy  gateway 
levels  of  77 Se  plotted  as  a  function  of  the  end  point  energies  of  the 
electron  beam  discharges  producing  the  bremsstrahlung. 


The  complete  set  of  nuclear  parameters  appearing  in  Eq.  (11)  is  not 
known  for  any  of  the  transitions  of  ^Se  lying  above  818  keV.  However, 
the  branching  ratios  are  available  for  many  of  them.  While  optimal 
branching  ratios  could  be  offset  by  poor  lifetimes,  in  principle,  it  is 
most  reasonable  to  expect  a  significant  new  channel  of  excitation  to 
correspond  to  a  level  for  which  branching  ratios  were,  at  least, 
favorable.  Table  III  records  the  product  bab0  for  levels  of  ^Se  above 
818  keV,  and  the  close  correlation  between  the  large  value  seen  at  1005 
keV  and  the  intercept  of  Fig.  15  is  extremely  persuasive. 
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Table  III 

Compilation  from  Ref.  10  of  the  products  of  the  branching  ratios,  bab-, 
a,  appearing  in  Eq.  11  for  the  transitions  of  ^Se  lying  above  818  kev. 
Corresponding  values  of  T  have  not  been  reported  in  the  literature. 


Level 

(keV) 


818  0.0063 

825  0.00025 

911  0.017 

1005  0.031 

1128  0.0012 

1186  0.047 

1230  0.0024 

Once  the  excitation  energy  of  the  "new"  channel  was  determined  from 
Fig.  15  and  Table  III,  the  functional  dependence  of  f(1005)  upon  end 
point  energy  could  be  determined.  This  was  done,  and  the  result  is 
shown  in  Fig.  14.  Again  there  is  a  striking  similarity  between  the 
functional  dependences  upon  V0  of  the  residues  and  of  the  f(1005),  as 
would  be  required  by  Eq.  (14) . 

Once  the  level  missing  from  the  model  is  identified  as  correspond¬ 
ing  to  Ek  -  1005  keV,  all  of  the  terms  of  Eq.  (14)  are  known  except 
£ ioo5 ( Se)  .  In  Fig.  16  the  model  residues  are  plotted  as  functions  of 
f(1005)  for  the  19  shots  of  this  experiment  having  end  point  energies 
above  1  MeV.  From  Eq.  (14)  it  can  be  seen  that  the  slope  of  such  a  plot 
should  correspond32  to  ?1005(Se)N(Se)/|761(Br)N(Br) .  The  least-squares 
fit  to  the  data  including  the  origin  is  shown  by  the  heavy  line  in  Fig. 
16,  together  with  the  lighter  lines  bounding  acceptable  alternatives. 
These  lead  to  a  value 


?1005(Se)  -  (30  ±  7.5)  X  10’32  cm2 


which  from  Eq.  (11)  gives, 


*bab0o0r/2  -  (30  ±  7.5)  x  10'29  cm2  keV 


(15a) 


(15b) 


r 
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in  turn  yielding, 


t*(1005)  -  0.36  psec 


(15c) 


0.3 


0.2 


^  0-1 


0.0 
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0.2 
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Figure  16:  Plot  of  the  residues  of  Fig.  15  as  functions  of  the  relative 
intensity  of  irradiation  of  1005  keV . 


As  a  final  step  of  analysis,  the  residues  of  Eq.  (14)  were  recom¬ 
puted,  including  the  term  of  Eq.  (15a)  into  the  model  estimate,  R(mod- 
el)  ,  on  the  left  of  Eq.  (14).  Figure  17  shows  the  resulting  residues  as 
functions  of  the  end  point  energies.  This  time  the  data  appear33  to 
scatter  around  the  V0  axis  indicating  that  the  model  now  contains  a 
sufficient  number  of  terms  to  predict  the  fluorescent  yields  up  to  an 
end  point  energy  of  1.5  MeV  to  an  accuracy  of  better  than  10%. 
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Figure  17:  Plot  of  the  residues  obtained  from  the  application  of  Eq. 
(lb)  to  the  data  for  a  model  containing  the  three  lowest  energy  gateway 
levels  of  77 Se  together  with  the  new  level  at  1005  keV ,  plotted  as  a 
function  of  the  end  point  energies  of  the  electron  beam  discharges 
producing  the  bremsstrahlung . 
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Discussion 


The  principal  conclusion  of  this  work  is  that  the  1986  version10  of 
the  nuclear  parameters  for  77Se  and  79Br  is  completely  consistent. 
Provided  no  significant  component  of  the  x-ray  flux  lies  above  1  MeV, 
those  data  are  sufficient  to  predict  the  fluorescent  yields  from  ^Br 
and  ^Se.  However,  for  the  irradiation  of  samples  with  bremsstrahlung 
produced  by  electrons  with  end  point  energies  above  1  MeV,  the  more 
complete  set  of  parameters  of  Table  II  must  be  used.  In  such  cases  it 
is  appropriate  for  all  end  point  energies  below  1.5  MeV. 

The  difference  between  the  1986  data  and  Table  II  lies  in  the 
inclusion  of  the  pump  channel  in  ^Se  at  1005  keV  found  in  the  course  of 
this  work.  Corresponding  to  the  considerable  transition  strength  of 
0.011  Weisskopf  units  for  an  Ml  transition  in  the  absorption  channel,  it 
is  well-connected  to  both  initial  and  fluorescent  levels.  As  can  be 
seen  from  Table  II  it  will  rapidly  become  the  dominant  channel  for 
funneling  population  into  the  fluorescence  level  as  the  number  of  pump 
photons  above  1  MeV  increases  in  a  source . 

The  striking  consistency  between  the  results  from  ^Br  and  those 
from  ^Se  argues  favorably  for  the  utility  of  this  technique  of  selec¬ 
tive  nuclear  excitation  over  a  wider  field  of  experimental  variables 
than  originally  described.5  It  does  not  require  an  initial  computer 
model.  A  measurement  of  the  activation  of  ^Br  would  determine  the 
fluence  at  761  keV  at  the  position  of  the  sample.  Activation  of  ^Se  is 
more  complex  but  tractable,  once  the  ^Br  results  are  known.  Assuming 
C(818)  -  $‘(761)  the  contribution  to  ^Se  from  the  small  818  channel  can 
be  easily  removed.  The  immediate  residue  is  a  weighted  sample  of  the 
low  energy  portion  of  the  irradiating  spectrum  and  of  the  energies  near 
1  MeV.  To  separate  these  effects  in  cases  where  the  end  point  energy 
lies  above  1  MeV,  recourse  must  be  made  to  a  third  nuclei  sampling  only 
high  energies.  An  ideal  candidate  is  115In  which  is  the  subject  of  a 
forthcoming  article  as  described  in  the  subsequent  chapter.7  This 
isotope  samples  only  the  fluence  at  1078  keV  and  the  consistent  value7 
for  the  corresponding  reaction  has  also  been  included  in  Table  II  for 
convenience.  From  the  activation  of  an  115In  component  of  the  sample, 
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the  contribution  to  ^"Se  population  from  the  new  1005  keV  channel  can  be 
removed.  From  the  resulting  second  residue,  the  average  fluence  in  the 
range  250  -  480  keV  can  be  isolated. 

As  a  demonstration  of  the  efficacy  of  nuclear  activation,  such  a 
procedure  was  performed  on  the  activation  of  a  composite  target  irradi¬ 
ated  with  a  typical  shot  (4379)  from  PITHON.  As  expected,  absolute 
measurements  of  the  flux  at  the  target  could  be  obtained  for  three 
energies,34  433,  761  and  1078  keV.  Then  by  multiplying  those  values  of 
flux  by  the  area  of  the  forward  (2jt)  hemisphere  upon  which  the  target 
was  conceived  to  rest  during  irradiation,  the  absolute  spectral  intensi¬ 
ty  emitted  by  the  source  was  determined.  Results  were  plotted  in  Fig.  4 
together  with  the  predictions  of  the  TIGER  code  calculations  for  that 
shot.  Agreement  is  perhaps  better  than  is  warranted  by  the  inherent 
level  of  mechanical  inaccuracy  in  target  positioning. 

Uncertainty  in  the  direct  measurement  of  spectral  intensity  at  the 
target  arises  from  two  sources,  statistical  error  in  the  number  of 
fluorescent  counts  and  unknown  error  in  the  nuclear  data  of  Table  II. 
Results  of  the  former  are  plotted  in  Fig.  4,  but  appear  larger  than  the 
plotted  symbol  only  at  the  lower  energy  point  arising  as  a  result  of  so 
many  differences  of  data.  Uncertainty  due  to  residual  inconsistency  in 
the  data  of  Table  II  is  of  unknown  magnitude  but  should  be  less  than  the 
error  introduced  by  the  statistical  uncertainty  in  the  counts  as  a 
result  of  these  efforts  in  determining  consistency  of  the  entries  of 
Table  II. 

The  results  of  this  work  indicate  that  (7,7')  reactions  can  be 
studied  with  a  high  level  of  precision  if  the  sources  are  carefully 
characterized.  The  existing  data  for  the  transitions  of  ^Br  and  ^Se, 
together  with  others  to  be  discussed,  clearly  offer  a  convenient  means 
of  sampling  the  spectra  of  intense  pulsed  sources. 
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ACTIVATION  OF  In  BY  SINGLE  PULSES  OF  INTENSE  BREMSSTRAHLUNG 


For  the  study  of  (7,7')  reactions  that  produce  isomeric  products, 
115In  has  a  particularly  favorable  combination  of  characteristic  proper¬ 
ties.  Having  only  a  few  channels  for  reaction  at  energies  below  1.4 
MeV,  it  nevertheless  displays  a  large  integrated  cross  section  for 
excitation  of  the  269  minute  isomer  at  336  keV.  For  these  pragmatic 
reasons  115In  has  served  as  the  archetype  material  for  the  study  of  this 
type  of  reaction,  and  a  number  of  efforts  have  been  reported8'10*11'21'24'35" 
41  in  the  past  48  years. 


The  relevant  part  of  the  energy  level  diagram10  of  115In  is  shown  in 


Fig.  18,  indicating  only  three  levels  through  which  a  (7,7')  reaction  of 
multipolarity  El,  Ml,  M2,  or  E2  could  proceed  to  populate  the  isomeric 
state  for  photons  below  1.4  MeV.  The  importance  of  the  lowest  dipole 
gateway  level  at  941  keV  is  negligible  because  it  has  a  particularly 
small  integrated  cross  section42  for  excitation  in  comparison  to  that  of 
the  nearby  1078  keV  level,  and  the  934  keV  7/2*  level  has  a  yet  smaller 
cross  section  because  of  its  longer  lifetime. 


\$\ 

iil 


N00014-86-C-2488 


IS 

m 


828.6 


J5.1  ps) 
933.8 
(57pS) 


336.2 


Figure  18:  Energy  level  diagram  of  Che  excited  states 
of  the  115In  important  in  the  production  of  popuations  of 
the  isomer 3°  Half-lives  of  the  states  are  shown  to  the 
right  of  each,  and  sequences  of  (y,y‘)  reactions  leading 
to  the  isomer  are  shown  by  the  arrows.  Dashed  y'  tran¬ 
sitions  occur  by  cascading  through  levels  not  shown. 
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Table  IV  < 

t 

Summary  of  integrated  cross  sections  reported  for  the  reaction 
In(i  t-1'  )ii5min  through  the  1078  keV  J*  -  5/2+  level. 


Cross  Section 


Reference 


wbab0<r0r/2 

(  x  10’29  cm2  keV) 


i 


23  ±  4 
20  ±  4 
7.1  ±  2.3 

11.5  ±  4.0 

30  (+40,-20) 

10.5  ±  2.7 
19  ±  1 

5.39  +  0.64 
18.1  ±  1.5 
18.7  ±  2.7 


Ikeda  and  Yoshihara  (Ref.  36) 

Veres  (Ref.  37) 

Chertok  and  Booth  (Ref.  38) 

Booth  and  Brownson  (Ref.  11) 

Boivin,  Cauchois,  and  Heno  (Ref.  39) 
Lakosi,  Csuros,  and  Veres  (Ref.  40) 
Watanabe  and  Mukoyama  (Ref.  41) 
Ljubicic,  Pisk,  and  Logan  (Ref.  24) 
Yoshihara  et.  al.  (Ref.  25) 

This  work 


In  practical  cases  in  which  115In  samples  are  excited  either  with 
gamma  rays  from  a  source  or  by  bremsstrahlung  from  an  accelerator 
operating  below  1.4  MeV,  the  absorption  spectrum  for  (7,7')  reactions 
producing  isomers  is  essentially  monochromatic  at  1078  keV.  Neverthe¬ 
less,  quantitative  measurements  of  the  integrated  cross  section  have 
shown  a  chaotic  level  of  contradiction  between  theory  and  experiment  and 
among  the  experiments  themselves.  Table  IV  presents  a  summary  of  values 
reported  in  the  literature  together  with  the  results  of  this  measure¬ 
ment,  in  terms  of  the  integrated  cross  section  as  discussed  in  the  first 
chapter. 

We  have  recently  argued5  that  the  principal  cause  of  such  a  large 
degree  of  variance  among  previous  measurements  of  the  115In  excitation 
has  been  the  generally  inadequate  level  of  characterization  of  the 
spectrum  of  the  pump  source.  In  the  preceding  chapter  we  showed  that 
the  spectrum  from  a  pulsed  source  of  intense  bremsstrahlung  could  be 


39 


N00014 -86-C-2488 
UTO  #24522-964 


determined  to  a  level  of  accuracy  sufficient  for  the  quantitative 
description  of  the  reactions  77Se(7,7' J^Se  and  79Br(7,7' )79mBr.  In  doing 
so,  an  important  new  channel  for  the  excitation  of  ^Se  was  found 
through  the  1005  keV  J*  -  3/2“  level. 

It  was  the  purpose  of  the  work  reviewed  in  this  chapter  to  reexam¬ 
ine  the  reaction  115In(7,7' )115BIn  with  the  same  pulsed  bremsstrahlung 
source  used  for  the  reconciliation  of  the  absorption  cross  sections  to 
79mBr  and  ^""Se.  Results  for  115In  were  found  in  this  work  to  be  consis¬ 
tent  with  that  reconciliation.  Moreover,  the  quantitative  value  for  the 
integrated  cross  section  we  report  can  be  seen  to  be  in  good  agreement 
with  the  other  value  reported  most  recently  as  the  result  of  excitation 
with  a  radioactive  source.23 

Methods  and  Apparatus _ 

In  our  previous  report5'8  it  was  shown  that  the  uncertainty  in  the 
absolute  value  of  the  geometric  coefficient  coupling  the  source  of  pump 
radiation  to  the  absorbing  target  could  be  eliminated  by  normalizing 
both  the  pump  fluence  and  the  fluorescence  counts  to  some  standard 
material  having  a  monochromatic  excitation  spectrum.  The  reaction 
^Br ( 7 , 7 '  ) 79mBr  was  found  to  be  an  ideal  standard,  having  an  integrated 
cross  section  of  6.2  x  10'29  cm2  keV  and  a  convenient  radioactivity  in 
the  isomer.  Following  the  formalism  developed  in  the  preceding  chapter, 
the  number  of  115n,In  nuclei,  S(In),  which  could  be  excited  by  a  flash  of 
intense  bremsstrahlung  can  be  conveniently  expressed  as  a  ratio, 

S(In)  N(In)  ?1078<In) 

• -  -  -  -  f(1078)  ,  (16) 

S(Br)  N(Br)  £761(Br) 

where  S(x)  and  N(x)  are  the  number  of  nuclei  produced  and  the  number  of 
target  nuclei  of  material  x,  respectively;  f(1078)  is  the  ratio  of 
pumping  intensity  at  1078  keV  to  the  intensity  at  761  keV;  and  the  £E(x) 
is  the  combinations  of  nuclear  parameters  involved  in  the  excitation  of 
the  gateway  level  at  energy  E,  described  in  Eq.  (2b),  namely, 
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The  collection  of  terms  in  parentheses  in  Eq.  .  (17)  comprises  the 
integrated  cross  section  for  excitation  as  usually  reported;  and  the 
calibration  value  for  ^Br  is  ^7^^(Br)  -  8.2  x  10-32  cm2. 


The  source  of  excitation  in  these  experiments0  was  the 
bremsstrahlung  produced  by  the  DNA/PITHON  nuclear  simulator  at  Physics 
International.  The  usual  end  point  energy  of  the  electrons  producing 
the  bremsstrahlung  was  1.3  MeV  with  small  shot- to-shot  variance.  For 
these  particular  experiments ,  the  nominal  firing  parameters  were 
deliberately  perturbed  so  that  successive  irradiations  could  be  obtained 
with  end  point  energies  varying  from  0.9  to  1.5  MeV. 

Intensities  at  the  target  were  determined  by  measuring  the  nuclear 
activation  of  the  ^Br  component  of  a  sample  of  LiBr  containing  isotopes 
in  natural  abundance.  This  calibrating  target  was  run  in  a  pneumatic 
transfer  system  which  enabled  the  population  of  ^Br  produced  by  a 
single  irradiation  to  be  subsequently  counted  at  a  quiet  location  30  m 
removed  from  the  source.  Activation  lost  during  the  1.0  s  transit  time 
could  be  readily  corrected  during  analysis. 

The  115In  sample  under  study  was  in  the  form  of  a  thin  foil  taped  to 
a  fiduciary  mark  near  the  pneumatic  system.  Since  the  115mIn  had  a 
substantially  longer  half-life,  it  could  be  manually  detached  after 
exposure  and  transferred  to  the  spectrometer,  which  consisted  of  a  3"  x 
3"  Nal(Tl)  detector  with  associated  electronics.  In  typical  cases,  a 
counting  time  of  one  hour  gave  better  than  2%  statistical  accuracy  in 
the  115"In  peak  after  removal  of  background.  In  the  course  of  this 
experimental  series,  twelve  shots  were  obtained  for  sufficiently  high 
end  point  energies  to  yield  statistically  significant  numbers  of 
fluorescent  isomeric  activity. 

To  confirm  that  the  fluorescence  being  detected  resulted  only  from 
decay  of  the  115mIn  activity,  additional  foils  were  irradiated  and  then 
examined  with  an  intrinsic  Ge  spectrometer,  carefully  shielded.  In  Fig. 
19  we  show  spectra  from  an  In  foil  irradiated  by  bremsstrahlung  with  an 
end  point  of  1.3  MeV.  The  fluorescence  peak  is  at  336.2  keV,  with  a 
half-life  seen  to  be  consistent  with  a  tabulated  value  of  4.49  hours. 
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Figure  21:  Ratios  of  fluorescent  photons  from 
H5»in  t0  those  from  ^ Br ,  produced  by  single 
discharges  from  PITHON ,  as  corrected  for  the 
finite  duration  of  the  counting  interval  and 
plotted  as  a  function  of  the  end  point  energies 
of  the  electrons  producing  the  b r emsst rah lung . 
The  dashed  line  shows  a  linear  fit  to  the  data 
intercepting  the  x-axis  at  a  gateway  energy  of 
1.078  MeV.  Excitation  energy  of  the  next  high¬ 
er  gateway  is  shown  at  1.463  MeV. 


RELATIVE  INTENSITY  C(1078keV) 

■  Figure  22:  Plot  of  the  ratios  of  115"In  to  79m Br  fluorescence 
observed  as  a  function  of  the  relative  intensity  of  irradia¬ 
tion  at  1078  keV  normalized  to  the  intensity  at  761  keV .  The 
center  line  shows  the  least  squares  fit  including  the  origin 
and  the  outer  lines  bound  uncertainty  in  such  a  fit  introduced 
by  varying  the  characterization  of  the  intensities  of  Fig.  20 
over  acceptable  limits. 

From  the  linear  fit  to  the  data  of  Fig.  22  shown  as  the  center 
line,  Eqs.  (16)  and  (17),  and  the  value  of  the  integrated  cross  section 
for  ^Br  mentioned  earlier,  we  obtain 

Cl078<In>  -  <17-3  ±  2  -5)  x  1CT32  cm2  .  (18) 

The  uncertainty  was  obtained  from  application  of  the  same  analyses  to 
the  outer  lines  in  Fig.  22  reasonably  bounding  the  scatter  from  the 
least  squares  fit  to  the  data.  The  lines  actually  shown  were  obtained 
by  determining  the  extent  to  which  data  points  of  Fig.  22  would  be 
displaced  horizontally  if  the  corresponding  abscissae  were  varied  by  the 
maximum  extent  of  the  uncertainty  in  the  value  of  f(1078)  arising  from 
the  nature  of  the  calibration  and  the  interpolations  being  employed.8 


The  statistical  scatter  in  the  data  is  within  the  bounds  established  by 
the  uncertainty  in  intensity. 

Finally,  substituting  Eq.  (18)  into  Eq.  (17)  and  solving  for  the 
integrated  cross  section  give  for  the  1078  keV  transition  in  115In, 

*bab0o0r/2  -  (18.7  ±  2.7)  x  10'29  cm2  keV  .  (19) 

This  is  the  value  we  report  in  Table  IV. 

Conclusions _ 

The  detailed  characterization  of  the  spectrum  emitted  by  the 
intense  source  of  pulsed  bremsstrahlung  described  earlier8  has  been 
found  to  be  sufficient  to  describe  the  quantitative  yield  of  the 
reaction  115In(7,7' )115*In,  for  the  value  of  integrated  cross  section 
given  by  Eq.  (5)  .**  Table  IV  shows  that  value  to  agree  with  some  of  the 
prior  measurements .  In  this  work  there  was  no  need  to  invoke  any 
nonresonant  reaction  channels  of  the  type  sometimes  used24  in  the 
description  of  this  reaction. 

In  addition  to  providing  further  evidence  against  the  occurrence  of 
nonresonant  reactions  in  115In,  the  results  of  this  work  have  important 
implications  for  the  calibration  of  intense  sources  of  pulsed  continua. 
By  providing  a  means  for  storing  a  sample  of  the  illuminating  intensity 
at  a  single  well-defined  energy  of  1078  keV  for  subsequent  measurement 
at  a  later,  quieter  time,  a  sample  of  115In  can  readily  complement  the 
information  supplied5'8  by  ^Br  about  the  intensity  at  761  keV.  More¬ 
over,  both  together  can  be  used  to  identify  the  component  of  excitation 
contributed  by  the  higher  energy  lines  of  ^Se  so  that  the  remainder  can 
be  used  to  characterize  the  intensities  at  lower  energies.8 

Finally,  it  seems  this  technique  of  using  single  pulses  of  intense 
continua  to  measure  integrated  cross  sections  for  the  production  of 
measurable  populations  of  isomers  can  provide  data  of  use  in  astrophysi- 
cal  modeling.  Cross  sections  at  energies  as  low  as  1  MeV  are  quite 
large  for  such  elements  as  Se,  Br  and  In  and  might  provide  viable 
photonuclear  channels  for  the  production  of  enough  isomeric  population 
to  be  important  in  cosmic  nucleosynthesis.  It  seems  that  the  experi¬ 
ments  of  this  type  give  evidence  that  it  is  possible  to  advance  the 
precision  for  the  characterization  of  (7,7')  reactions  toward  that 
enjoyed  by  other  types  of  particle  reactions  at  comparable  energies. 


ACTIVATION  OF  illmCd  BY  SINGLE  PULSES  OF  INTENSE 
BREMSSTRAHLUNG 


The  lack  of  convergence  of  past  measurements  of  (7,7')  reactions  is 
probably  even  worse  for  the  case  of  ^Cd  than  for  115In.  For  example, 
the  most  recent  three  measurements41*45*46  of  the  integrated  cross 
sections  for  the  reaction  111Cd(7,7' )111mCd  were  conducted  in  1979,  1982 
and  1987  with  results  of  35,  5.8,  and  14,  respectively,  in  the  usual 
units  of  10'29  cm2  keV.  Probable  errors  were  quoted  as  varying  only  from 
7  to  14%,  and  yet,  no  two  of  the  measurements  were  even  within  a  factor 
of  two  of  each  other. 

The  111mCd  isomer  at  396  keV  has  a  48.6  minute  half-life  and  is 
readily  detected  by  observing  the  150.6  keV  and  245.4  keV  gammas 
radiated  in  the  cascade  from  the  isomer.  Experimentally  this  is  an 
almost  ideal  vehicle  for  the  study  of  (7,7')  reactions,  since  the 
lifetime  of  the  isomer  is  long  enough  to  collect  a  substantial  dose  from 
a  variety  of  excitation  sources  during  the  activation  cycle  and  short 
enough  to  count  with  reasonable  signal -to -background  ratio  afterward. 
Experiments  appear  to  have  been  carefully  executed,  and  the  drastic 
disagreement  in  the  results  has  been  attributed45  to  the  controversial46 
proposal  that  some  mechanism  of  nonresonant  nuclear  absorption  dominates 
the  excitation  step.  However,  the  data  that  support  this  intriguing 
proposal45  and  the  data  that  seem  to  refute46  it  agree  only  in  indicating 
that  the  (7,7')  reaction  producing  111mCd  is  not  well  understood.39’41*45'48 

The  relevant  part  of  the  energy  level  diagram49  of.  ^Cd  is  shown  in 
Fig.  23.  All  of  the  adopted  levels49  between  1000  and  1500  keV  are 
shown  together  with  the  gamma  transitions  that  have  been  observed10  in 
reactions  other  than  (7,7').  Additional  transitions  to  the  1190  and 
1330  keV  levels  have  been  inferred39*47  from  (7,7')  studies,  but  those 
reports  depend  upon  the  validity  of  arguments  which  are  weakened  by  the 
controversy.  Moreover,  even  the  existence  of  the  1330  keV  level  might 
reasonably  be  questioned,  since  it  is  based  upon  a  single  report50  of  a 
reaction  not  dependent  upon  the  interpretations  of  (7,7')  data. 
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For  levels  in  Fig.  23  which  might  be  excited  by  photons  with 
energies  in  the  range  1000  to  1500  keV,  there  are  a  number  of  possible 
cascades  to  the  11/2"  isomer  through  levels  below  1000  keV  which  are  not 
shown.  However,  no  particular  path  has  been  proposed. 

In  the  previous  chapter  we  reported  a  reexamination  of  the  reac¬ 
tion  115In(y  ,7' )115fl)In  with  the  same  pulsed  bremsstrahlung  source  used  for 
the  reconciliation  of  the  absorption  cross  sections  to  ^Br  and  77mSe. 
Results  for  115In  were  found  to  be  consistent  with  that  reconciliation. 
Moreover,  the  quantitative  value  for  the  integrated  cross  section  we 
reported  was  in  good  agreement  with  the  other  value  reported  most 
recently  as  the  result  of  excitation  with  a  radioactive  source.25 
Reported  in  this  chapter  is  an  extension  of  this  technique  to  the 
reaction  111Cd(7,7' )11lBICd.  We  find  an  integrated  cross  section  of  (9.8  ± 
2.5)  x  10'29  cm2  keV  for  reaction  through  a  gateway  level  near  1200  keV. 


Methods  and  Apparatus 

Unlike  our  previous  study  of  115In  from  which  this  present  work  has 
been  extended,  none  of  the  elementary  nuclear  properties  of  Eq.  (2b) 
entering  into  the  computation  of  the  integrated  cross  section  were  known 
for  ^Cd.  Although  it  is  uniformly  assumed39'41,45'49  that  the  dominant 
gateway  level  lies  at  1330  keV,  this  is  not  strongly  supported  by  prior 
data.  Early  experiments11,39,47,51  using  bremsstrahlung  from  accelerators 
with  variable  end  point  energies  indicated  that  the  reaction  turns  on 
between  1200  and  1400  keV.  However,  the  apparent  sharpness  seen  in  some 
early  data  at  1330  keV  is  strongly  affected  by  the  logarithmic  presenta¬ 
tion  of  a  linear  threshold  and  the  sensitivity  of  the  instrumentation  to 
low  levels  of  activation.  In  more  recent  experiments  using  ^Co  sourc¬ 
es,  the  high  level  of  activation  produced  and  the  proximity  of  the  1330 
keV  level  of  ^Cd  to  the  strong  1332  keV  line  of  60Co  made  it  attractive 
to  identify  the  (7,7')  reaction  as  occurring  through  the  1330  keV  level 
of  undetermined  symmetry.  Since  the  experiments  reported  here  were 
conducted  with  an  accelerator  producing  a  known8  bremsstrahlung  spec¬ 
trum,  it  was  decided  to  try  to  determine  experimentally  the  energy  of 
the  gateway  needed,  as  well  as  the  integrated  cross  section. 
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In  previous  chapters*  it  was  shown  that  the  uncertainty  in  the 
absolute  value  of  the  geometric  coefficient  coupling  the  source  of  pump 
radiation  to  the  absorbing  target  could  be  eliminated  by  normalizing 
both  the  pump  fluence  and  the  fluorescence  counts  to  some  standard 
material  having  a  monochromatic  excitation  spectrum.  The  reaction 
79Br(7,7')7*"Br  was  found  to  be  an  ideal  standard,  having  an  integrated 
cross  section  of  6.2  x  10"29  cm2  keV  and  a  convenient  radioactivity  in 
the  isomer.  Following  the  formalism  reported  earlier3  in  Eq.  (16),  the 
number  of  111mCd  nuclei,  S(Cd),  which  could  be  excited  through  a  single 
gateway  state  at  an  energy  E  by  a  flash  of  intense  bremsstrahlung  can  be 
conveniently  expressed  as  a  ratio, 

S(Cd)  N(Cd)  £=(Cd) 

-  -  -  -  f  <E)  ,  (20) 

S(Br)  N(Br)  £761(Br) 

where  S(x)  and  N(x)  are  the  number  of  nuclei  produced  and  the  number  of 
target  nuclei  of  material  x,  respectively,  f(E)  is  the  ratio  of  pumping 
intensity  at  the  gateway  energy  E  in  keV  to  the  intensity  at  761  keV; 
and  the  £E(x)  are  the  combinations  of  nuclear  parameters  of  Eq  (17) 
involved  in  the  excitation.  Still  more  convenient  for  analysis  is  the 
weighted  activation  ratio  R  obtained  by  multiplying  Eq.  (20)  by  the 
ratio  of  the  number  of  target  nuclei, 

N(Br)S(Cd)  £E(Cd) 

R - f  (E)  (21) 

N(Cd)S(Br)  ?76l(Br) 

The  source  of  excitation  in  these  experiments8  was  the 
bremsstrahlung  produced  by  the  PITHON  nuclear  simulator  at  Physics 
,  International  as  had  been  used  in  the  In  experiment.  The  typical  end 
point  energy  of  the  electrons  producing  the  bremsstrahlung  was  1.3  MeV 
with  small  shot-to-shot  variance.  For  these  particular  experiments,  the 
nominal  firing  parameters  were  deliberately  perturbed  so  that  successive 
irradiations  could  be  obtained  with  end  point  energies  varying  from  1.3 
to  1.54  MeV. 

Intensities  at  the  target  were  determined  by  measuring  the  nuclear 
activation  of  the  ^Br  component  of  a  sample  of  LiBr  containing  isotopes 
in  natural  abundance.  This  calibrating  target  was  run  in  a  pneumatic 
transfer  system  which  enabled  the  population  of  ^Br  produced  by  a 
single  irradiation  to  be  subsequently  counted  at  a  quiet  location 


removed  from  the  source.  Activation  lost  during  the  1.0  s  transit  time 
could  be  readily  corrected  during  analysis. 

The  t^Cd  sample  under  study  occurred  in  natural  isotopic  abundance 
in  a  thin  Cd  foil  taped  to  a  fiduciary  mark  near  the  pneumatic  system. 
Since  the  111mCd  had  a  substantially  longer  half-life  than  the  calibrat¬ 
ing  Br,  it  could  be  manually  detached  after  exposure  and  transferred  to 
the  spectrometer,  which  consisted  of  an  intrinsic  Germanium  detector 
with  associated  electronics.  In  typical  cases  a  counting  time  of  one 
hour  gave  better  than  5%  statistical  accuracy  in  the  area  of  the  111mCd 
peak.  In  the  course  of  this  experimental  series,  six  shots  were 
obtained  for  sufficiently  high  end  point  energies  to  yield  statistically 
significant  numbers  of  fluorescent  isomeric  activity. 


230  235  240  245  250 

ENERGY  (keV) 
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Figure  2 4:  Spectra  showing  the  24-5  keV  line  from  the  decay  o 
The  spectra  were  obtained  from  an  8.02  gm,  natural  C 
foil  sample.  The  small  peak  near  238  keV  is  due  to  the  deca 
of  naturally  occurring  2l2Pb  in  the  counting  environment . 

(a)  Fluorescence  from  111mCd  following  irradiation  with 
single  bremsstrahlung  pulse  having  an  end  point  energy  of  1. 
MeV .  Counting  time  was  3600  sec. 

(b)  Fluorescence  following  excitation  with  an  end  point  o. 
1.3  MeV.  Counting  time  was  2700  sec. 


To  confirm  that  the  fluorescence  being  detected  resulted  only  froi 
decay  of  the  111mCd  activity,  the  spectra  from  irradiated  foils  weri 
first  examined  for  traces  of  interference  from  the  238  keV  line  froc 
212Pb  in  the  counting  environment.  The  clear  separation  of  the  238  ke^ 
line  from  the  245  keV  line  obtained  from  111mCd  following  irradiatioi 
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with  a  1.4  MeV  end  point  bremsstrahlung  pulse  is  shown  in  Fig.  24(a). 
At  an  end  point  energy  of  1.3  MeV,  where  the  spectral  intensity  at  the 
1330  level  in  111mCd  should  be  negligible,  the  245  keV  line  is  weak  but 
clearly  observable,  as  shown  in  Fig.  24(b). 
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Figure  25:  Plots  showing  the  ratio  of  the  spectral  densi¬ 
ty  at  energy  E  normalized  to  the  spectral  density  at  the 
761  keV  gateway  of  ^Br  for  varying  end  point  energies. 

The  solid  and  dotted  lines  show  the  ratio  for  energies  E  - 
1.190  and  E  -  1.330  MeV. 

In  order  to  determine  an  experimental  value  of  the  £E(Cd)  by 
fitting  Eq.  (21)  to  .  measurements  of  the  fluorescence  yields  from  the 
sample  and  from  the  LiBr  calibrator,  the  relative  bremsstrahlung 
intensity  f(E)  emitted  at  E  must  be  known.  For  these  experiments,  these 
data  were  obtained  by  numerically  fitting  theoretical  computations  of 
bremsstrahlung  spectra.  As  in  the  In  experiment  confidence  was  estab¬ 
lished  by  examining  quantitatively  the  number  of  fluorescent  nuclei 
produced  by  successive  irradiations  of  samples  of  ^Br  and  ^Se  at  a 
variety  of  end  point  energies.  The  relative  bremsstrahlung  intensity 
emitted  at  a  particular  energy  was  found  to  be  a  strong  function  of  the 
end  point  energy  of  the  accelerator;  two  examples  are  shown  in  Fig.  25. 


Results 


Because  of  a  small  physical  displacement  of  the  ^Cd  sample  from 
the  mixed  ^Br/^Se  target  providing  calibration,  the  observed  number  of 
fluorescent  photons  counted  had  to  be  corrected  for  the  different  source 
intensities.  This  was  done  by  mounting  thermoluminescent  diodes  (TLD's) 
at  both  positions  and  then  comparing  the  total  dose  recorded  at  the 
different  points  for  each  shot.  The  number  of  photons  from  111mCd  was 
scaled  by  the  value  of  relative  dose  received  at  the  inCd  and  at  the 
calibrating  positions. 

The  cadmium  sample  was  optically  thin  at  both  the  150  keV  and  the 
245  keV  fluorescence  energies,  requiring  relatively  small  factors  of 
1.645  and  1.222  for  the  self -absorption  correction.  Data  were  corrected 
for  fluorescence  and  detector  efficiencies,  as  well  as  for  variations  in 
measurement  time .  Good  agreement  was  found  between  corrected  counts  due 
to  each  of  the  fluorescence  lines,  and  their  weighted  average  was  taken 
for  each  exposure.  The  resulting  values  of  the  weighted  activation 
ratio  R  from  Eq.  (21)  are  shown  in  Fig.  26. 

The  linear  form  of  the  dependence  of  the  relative  yield  of  fluores¬ 
cence  from  the  cadmium  isomers  seen  in  Fig.  26  between  1.1  and  1.6  MeV 
is  a  strong  indication  of  the  dominance  of  a  single  channel  of  excita¬ 
tion  through  a  gateway  level  lying  at  an  energy  given  by  the  value  of 
the  x- intercept.  From  the  data  of  Fig.  26,  it  is  seen  that  the  inter¬ 
cept  lies  near  1200  keV  in  agreement  with  the  known  state  at  1190  keV. 
Also  shown  in  Fig.  26  is  the  energy  of  the  next  higher  gateway  state  not 
excluded  by  an  unacceptable  J*,  the  poorly  characterized  level  at  1330 
keV.  It  is  interesting  to  observe  that  for  end  point  energies  above 
this  value  there  seems  to  be  no  clear  tendency  of  the  data  to  depart 
from  the  simple  linear  fit  because  of  the  availability  of  this  addition¬ 
al  gateway.  A  greater  number  of  measurements  at  successively  higher  end 
point  energies  would  be  needed  to  confirm  this  indication  that  the  1330 
keV  level  has  no  particular  role  in  the  excitation  of  111,nCd. 
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Once  most  of  the  data  are  established  as  being  consistent  with  the 
model  of  excitation  through  a  single  level  at  1190  keV,  Eq.  (21) 
provides  a  means  of  determining  the  absolute  cross  section  for  the 
excitation.  In  Fig.  27(a)  data  for  the  measured  values  on  the  left  side 
of  Eq.  (21)  are  plotted  as  functions  of  the  relative  intensities  f(1190) 
appearing  on  the  right.  As  can  be  seen  from  Eq.  (21),  the  best  slope 
around  which  the  data  of  Fig.  27(a)  scatter  would  represent  our  experi¬ 
mental  determination  of  the  product  of  the  first  two  terms  on  the  right 
of  Eq.  (21).  For  comparison,  the  same  approach  is  repeated  in  Fig. 
27(b)  to  show  the  difficulty  in  attempting  to  force  the  interpretation 
that  the  principal  gateway  level  is  the  state  at  1330  keV.  In  Fig. 
27(b)  the  weighted  activation  ratios  are  plotted  as  functions  of 
$■(1330).  It  is  difficult  to  consider  these  data  as  approximating  a 
linear  dependence  of  R  upon  f ,  and  particularly  one  which  extrapolates 
to  the  origin  as  required  by  Eq.  (21). 

From  the  linear  fit  to  the  data  of  Fig.  27(a)  shown  as  the  heavy 
line,  Eqs .  (17)  and  (21),  and  the  value  of  the  integrated  cross  section 
for  ^Br  mentioned  earlier,  we  obtain 

Ci190(Cd)  -  (8.2  ±  2.1)  x  10"32  cm2  .  (22) 

The  uncertainty  was  obtained  from  application  of  the  same  analyses  to 
the  dashed  lines  in  Fig.  27(a)  reasonably  bounding  the  scatter  from  the 
least  squares  fit  to  the  data.  The'  statistical  scatter  in  the  data  is 
within  the  bounds  established  by  the  uncertainty  in  intensity. 

Finally,  substituting  Eq.  (22)  into  Eq.  (17)  and  solving  for  the 
integrated  cross  section  give  for  the  1190  keV  transition  in  ^Cd, 

jrbab0oor/2  -  (9.8  ±  2.5)  x  10’29  cm2  keV  .  '  (23) 

This  is  the  value  we  report  in  Table  V. 
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keV.7  Moreover,  the  results  of  this  work  may  indicate  why  previous  work 
gave  such  disparate  results,  no  matter  how  carefully  done.  The  most 
recent  experiments45*4^  with  ^Co  sources  were  strongly  model  dependent. 
In  those  efforts,  the  irradiating  intensity  and  its  dependence  upon 
experimental  variables  were  assumed  to  be  a  result  of  Compton  scattering 


PHOTOACTIVATION  OF  INDIUM  AND  CADMIUM  INTO  ISOMERIC 
STATES  PUMPED  BY  BREMSSTRAHLUNG  RADIATION  FROM  A 
MEDICAL  UNEAR  ACCELERATOR 


Because  electromagnetic  transitions  tend  to  occur  with  small 
changes  of  angular  momenta,  (7,7')  reactions  have  the  potential  of 
offering  insights  into  nuclear  structure  that  could  be  rather  unique. 
Although  the  literature  on  such  reactions  spans  nearly  50  years, 
experimental  results  are  disappointing  when  measured  against  the  levels 
of  precision  routinely  achieved  with  other  types  of  processes  at  low 
energies.  The  cross  sections  for  (7,7')  reactions  are  often  small  in 
cases  where  the  product  is  required  to  have  a  lifetime  convenient  for 
detection,  and  so  intense  sources  or  accelerators  must  be  used.  In 
turn,  these  are  poorly  characterized;  and  it  has  been  argued  that  the 
cause  of  the  general  lack  of  agreement  in  the  results  reported  for 
(7,7')  reactions  has  been  the  deviation  of  the  pump  spectrum  from 
e upectations . 

Only  this  year  has  technology  been  able  to  support  the  direct 
measurement5*8  of  the  spectrum  of  a  pulsed  source  of  bremsstrahlung 
sufficiently  intense  in  the  0.5  -  1.5  MeV  range  to  insure  a  product 
y  eld  large  enough  for  accurate  characterization  of  the  (7,7')  reactions 
being  excited.  As  just  described  in  the  preceding  chapters,  it  was  found 
that  both7  115In(7,7' )115raIn  and9  111Cd(7,7' )111mCd  occurred  through  the 
r- sonant  excitation  of  a  state  near  1  MeV  broadened  by  its  relatively 
slort  lifetime  as  would  have  been  reasonably  expected  but  has  been 
recently  disputed. 24<45  The  sharp  onset  we  found  for  the  (7,7')  reaction 
with  increasing  energy  of  the  7  relegated  to  less  than  3%  any  contribu¬ 
tions  from  nonresonant  channels  that  are  sometimes  considered  domi- 


63 


N00014-86-C-2488 


UTO  #24522-964 


nant.24*45*52  Thus  it  can  be  reasonably  concluded  that  the  results  of  the 
studies  of  the  (7,7')  reactions  in  115In  and  ^Cd  were  able  to  convey 
information  about  the  particular  gateway  state  in  each  system,  namely 
that  it  was  reasonably  well-connected  by  radiative  transitions  to  both 
initial  and  final  states  of  the  reaction. 

The  integrated  cross  sections  for  excitation  of  the  isomers  such  as 
those  of  115In  and  ^Cd  are  usually  expressed  as  nbab0a0T/2 ,  as  described 
in  Eq.  (2b).  Cross  sections  we  found  for  the  archetype  cases  of  115In 
and  ^Cd  were  of  the  order  of  10  in  the  conventional  units  of  10~29  cm2 
keV.  Such  values  for  excitation  through  a  gateway  near  1  MeV  are 
characteristic  of  products  of  branching  ratios  bab0  somewhat  degraded 
from  the  optimal  value  of  0.25.  One  transition  is  primarily  responsible 
for  the  favorable  width  of  the  gateway;  and  the  other  is  parasitic, 
contributing  lesser  additional  width.  Whether  this  is  simply  coinciden¬ 
tal  for  these  two  cases  or  the  result  of  a  general  principle  is  not 
known . 

Very  early  data11'51  indicated  that  yields  from  (7,7')  reactions 
increased  as  higher  energy  gateway  states  were  accessed.  Evidence  was 
accumulated11'51  in  the  form  of  increases  in  the  slopes  of  curves  showing 
product  yields  as  functions  of  the  end  point  energies  of  the 
bremsstrahlung  used  to  pump  the  reactions,  but  the  changes  were  not 
dramatic.  Morever,  the  more  recent  insistences24*45  that  nonresonant 
channels  dominated  such  excitations  cast  some  doubt  on  the  appropriate 
interpretation  of  that  early  data. 

Systematic  studies17  have  shown  that  collective  octupole  oscilla¬ 
tions  of  the  nuclear  core  can  unhinder  El  transitions,  making  very  short 
lived  states  available  for  (7,7')  reactions  excited  from  ground  states 
at  energies  between  1  and  2  MeV.  However,  the  literature18  suggests 
that  the  branching  from  such  a  collective  state  would  almost  entirely 
favor  the  initial  transition  so  that  a  diminishing  product,  bab0,  would 
largely  offset  the  greatly  increased  width  T  in  expressions  for  the 
integrated  cross  section  for  a  (7,7')  reaction  excited  through  such  a 
collective  state.  Such  an  expectation  is  supported  by  the  early  data 
mentioned  above . 

Since  the  density  of  states  is  considerably  elevated  at  energies  of 
1  to  2  MeV  above  the  ground  state,  an  alternate  hypothesis  is  attrac¬ 
tive.  A  strong  octupole  or  other  oscillation  of  the  core  might  serve  to 
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mix  enough  single  particle  states  so  that  radiative  branches  to  several 
different  lower  levels  might  become  comparable.  In  this  case  a  very 
large  integrated  cross  section  of  (7,7')  reactions  producing  isomers 
from  ground  state  nuclei  might  be  found  to  be  only  slightly  dependent 
upon  the  detailed  single  particle  assignments  of  neighboring  nuclei. 
Just  such  an  effect  is  reported  in  this  chapter.  Integrated  cross 
sections  of  the  order  of  10,000  in  units  of  10-29  cm2  keV  are  described 
for  the  excitation  of  isomers  of  ^Cd,  •  ^In  and  ^^In  through  resonant 
gateways  pumped  by  bremsstrahlung  from  a  linear  accelerator  producing 
most  of  its  intensity  near  2  MeV. 
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Experimental  Procedure 


Figure  28  shows  the  energy  level  diagram  for  the  three  nuclei  of 
interest  in  these  experiments,  111Cd,  113In  and  115In,  together  with  the 
lifetimes  of  the  isomers  and  the  transitions  convenient  for  detection. 
Excited  states  of  the  ^Cd  result  primarily  from  promotion  of  the  odd 
neutron,  while  those  of  the  In  isotopes  arise  from  the  odd  proton.  The 
two  indiums  differ  only  by  a  pair  of  neutrons,  implying  that  their 
energy  levels  and  angular  momenta  assignments  should  be  very  similar, 
while  those  of  the  cadmium  are  quite  different,  as  seen  in  Fig.  28. 

In  these  experiments,  foils  were  used  containing  natural  isotopic 
abundances  of  12.8,  4.3  and  95.7%,  respectively,  for  the  ^’Cd,  113In  and 
115In  isotopes.  Two  complex  target  assemblies  including  thin  rectangular 
samples  of  indium  and  cadmium  were  exposed  to  the  output  of  a  Varian 
Clinac  1800  linear  accelerator  at  the  Department  of  Radiology  of  the 
University  of  Texas  Southwestern  Medical  Center.  This  linear  accelera¬ 
tor  has  an  end  point  energy  of  6  MeV. 

The  indium  sample  was  irradiated  for  121  minutes ,  and  the  cadmium 
sample  for  240  minutes.  The  foils  were  removed  to  the  counting  facility 
at  the  Center  for  Quantum  Electronics  at  the  University  of  Texas  at 
Dallas,  where  the  decay  of  the  isomeric  products  of  the  (7,7')  reactions 
were  measured  with  an  HPGe  spectrometer  system.  Only  the  results  from 
indium  and  cadmium  will  be  considered  in  this  chapter,  although  other 
isomers  were  produced  in  additional  foils  in  the  target  package. 
Figures  29  and  30  show  the  measured  counting  rates  as  a  function  of 
time.  By  experimentally  measuring  the  decay  of  the  count  rate,  the 
decay  constant  of  the  observed  peaks  was  determined  in  order  to  verify 
the  identity  of  the  peaks. 


Figure  28:  (Opposite)  Energy  level  diagrams  of  the  excited  states  of 
11f Cd ,  113In  and  115In  important  in  the  production  of  populations  of  the 
isomers.  Half-lives  of  the  states  are  shown  to  the  right  of  each,  and 
sequences  of  (y,y')  reactions  leading  to  the  isomer  are  shown  by  the 
arrows.  Dashed  7'  transitions  occur  either  directly  or  by  cascading 
through  levels  not  shown.  The  greater  width  of  the  new  gateway  state 
formed  in  this  work  is  implied  by  the  rectangle  at  the  higher  energies 
of  each  system. 
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During  the  irradiation  of  a  target  which  is  thin  in  comparison  to 
the  mean  free  path  of  a  pump  photon,  at  time  t  the  total  number  of 
metastables  formed  of  a  given  isotope,  Nm(t),  is  given  by 

N.(t)  -  N0r  [2j(o*), •]  [1  -  exp(-t/ r )  ]  (24) 

where 

N0  -  the  total  number  of  target  nuclei, 

r  -  (r1/2/ln2)  -  the  natural  lifetime,  and 

(o*),-  -  (wbab0oor/2)  ,•  *(E^)  -  the  product  of  the  effective  cross 
section  for  the  excitation  and  subsequent  decay  to  the  isomer  of  the  ith 
gateway  state  located  at  the  energy  E,-  and  the  flux  of  photons  with 
energy  E,- .  The  summation  is  carried-  out  over  the  gateway  states  below 
the  end  point  energy  of  the  bremsstrahlung  spectrum. 

After  the  samples  have  been  irradiated  for  a  time  T  and  removed 
from  the  irradiation  source,  the  total  number  of  counts  accumulated  in 
the  interval  from  T^  to  T2  is  given  by 

AC  -  K  N,(T)  exp(-T,/r)  [1  -  exp(-(T2-T1)/r )  ]  ,  (25) 

where  T1  is  the  time  elapsed  from  the  end  of  the  irradiation  to  the 
beginning  of  the  counting  interval,  and  K  is  the  net  detection  efficien¬ 
cy  factor.  By  measuring  the  accumulated  counts  in  a  given  time  interval 
and  correcting  for  detector  efficiencies,  branching  ratios,  and  self 
absorption,  Nm(T)  may  be  determined.  If  the  photon  spectrum  is  known, 
the  effective  integrated  cross  section  may  be  extracted. 

The  shape  of  the  expected  output  spectrum  of  the  linear  accelerator 
as  calculated  by  Monte  Carlo  methods53  is  shown  in  Fig.  31.  The  func¬ 
tion  describing  the  probability  per  unit  energy  for  the  emission  of  a 
photon,  F(E) ,  is  normalized  such  that  the  integral  under  the  curve  is 
unity.  In  usage  it  must  be  multiplied  by  the  total  photon  flux  density 
of  the  linear  accelerator  which  was  1.74  x  1012  photons/cm2  min  for  the 
indium  exposure  and  1 . 54  x  1012  photons/cm2  min  for  the  cadmium  exposure . 
The  spectrum  has  been  shown  to  be  quite  uniform  over  the  field  of 
exposure  used  in  the  irradiation,  becoming  somewhat  harder  near  the  beam 
centerline . 54 
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Results 


The  total  numbers  of  metastables  formed,  Nm(T) .  are  listed  below: 

Nb(121  min)  -  2.86  x  107  for  115In  (26a) 

Nm (121  min)  -  4.61  x  10s  for  113In  (26b) 

Nm(240  min)  -  8.24  x  106  for  niCd  (26c) 

The  2.2  g  indium  foil  contained  1.10  x  1022  nuclei  of  115In  and  4.60 
x  102°  nuclei  of  113In.  The  isotope  115In  has  a  known  gateway  state7  at 
1078  keV  for  which 

(*bab0<70r/2)  -  20  x  10"29  cm2  keV  .  (27) 

The  contribution  of  the  absorption  at  the  relatively  narrow  gateway  at 
941  keV  is  negligible  compared  to  that  at  1078  keV. 

The  isotope  113In  has  gateways  at  1024,  1131,  and  1191  keV  for  which 
( jrbab0c70r/2)  is  computed10  to  be  2.62,  10.2,  and  0.044  in  units  of  10"29 
cm2  keV  respectively.  These  cross  sections  are  estimates  based  on 
Breit-Wigner  cross  sections  and  measured  lifetimes  taken  from  the 
Nuclear  Data  Sheets.  Figure  31  shows  that  the  flux  is  nearly  constant 
at  7.5  x  108  photons/cm2  min  keV  in  this  region  so  that  the  three 
gateways  may  be  combined  into  a  single  gateway  for  which 

(jrbab0a0r/2)  -  12.9  x  10'29  cm2  keV  .  (28) 

The  isotope  ^Cd  has  been  found  to  have  a  gateway  state5  at  1191 
keV  for  which  the  effective  cross  section  is  ,  ;ven  by 

(7rbab0a0r/2)  -  9.8  x  10'29  cm2  keV  .  (29) 

The  summation  in  Eq.  (24)  may  be  decomposed  into  a  contribution 
for  the  known  gateway(s)  below  1.3  MeV  plus  another  terra  (<7<I>)X  repre¬ 
senting  an  unknown  gateway  state  above  1.3  MeV,  that  is, 


(N„(T)/N0r)  -  [(e7$)known  +  (a*)x]  [1  - 


(30) 
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When  the  known  parameters  of  115In  are  substituted  into  Eq.  (28), 
the  (o<5)  products  are  found  to  be 


(<7*)  knoun  -  1.5  x  lO-l’  min'1 


which  is  negligible  compared  to  the  contribution  to  the  summation  from 
the  unknown  gateway  state(s)  obtained  by  substituting  the  results  of  Eq. 
(26a)  into  Eq.  (24)  and  solving  for  (a$)x,  namely 


(a<&)_  -  2.48  x  10-17  min"l 


The  activations  due  to  the  known  gateway  state  comprise  less  than  1%  of 
the  total  number  of  activations .  If  the  assumed  spectrum  of  the  linear 
accelerator  is  that  shown  in  Fig.  31  represented  by 


•(E)  -  «0F(E) 


the  effective  cross  section  a  -  (irbab0aor/2)  may  be  found  as  a  function 
of  the  energy  of  the  assumed  gateway  state, 


(wbab0a0r/2)  -  1.43  x  10-26/F(E)  cm2  keV 


This  function  is  plotted  in  Fig.  32  for  115In.  A  study7  of  the 
photoactivation  of  115In  utilizing  a  variable  end  point  x-ray  source 
indicated  that  the  assumed  gateway  state  must  lie  at  least  as  high  as 
1.4  MeV.  Inspection  of  the  energy  level  diagrams  and  angular  momenta 
assignments7  suggests  that  a  second  significant  gateway  state  is 
expected  to  lie  at  1.418  MeV  and  that  this  may  be  the  gateway  being 
excited  by  the  linear  accelerator,  but  such  an  identification  is 
speculative  at  this  time. 


For  113In,  the  ( o $)  products  are  found  to  be 


7.63  x  10-20  min"l 


which  again  is  insignificant  compared  to  the  contribution  of  the  unknown 
gateway  state(s), 


(a$)x  -  1.22  x  10-17  min'i 


The  energy  levels  and  angular  momenta  assignments  below  1.5  MeV  imply 
that  the  additional  gateway  state(s)  must  lie  above  1.5  MeV.10  With  the 
assumption  of  the  single  combined  gateway  state  for  i13In,  the  effective 
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cross  section  of  the  gateway  state  above  1.5  MeV  as  a  function  of 
gateway  energy  is  given  by 

(irbab0ff0r/2)  -  6.99  x  1CT27/F(E)  Cm2  keV  ,  (37) 

which  may  be  found  in  Fig.  33.  Below  1.9  MeV  possible  gateway  levels 
occur  at  1.510  and  1.631  MeV.55 
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Figure  32:  The  integrated  cross  section  for  the  photoactivation  of  115In 
through  a  single,  unknown  gateway  state  above  1.5  MeV  as  a  function  of 
the  energy  at  which  it  could  be  assumed  to  lie. 


N000K-86-C-2488 
UTO  #24522-964 


DEPOPULATION  OF  THE  ISOMERIC  STATE  180Tam  BY  THE  REACTION 


180*j*ar 


180Ta 


The  isotope  180Ta"  carries  a  dual  distinction.  It  is  the  rarest 
stable  isotope  occurring  in  nature13  and  it  is  the  only  naturally 
occurring  isomer.14  It  is  the  only  one  of  the  29  candidates  for  a 
gamma-ray  laser  that  is  available  in  milligram  quantities.  The  actual 
ground  state  of  180Ta  is  1*  with  a  half-life  of  8.1  h  while  the  tantalum 
nucleus  of  mass  180  occurring  with  0.012%  abundance  is  the  9~  isomer, 
l80Tam  it  has  an  adopted  excitation  energy  of  75.3  keV  and  half-life  in 
excess  of  1.2  X  1015  years.14 


The  stellar  s-process56'57  for  nucleosynthesis  has  steadily  gained 
favor  for  the  production  of  180Ta*  and  the  role  of  the  most  critical 
intermediary,  180Hfw,  has  been  well  established.14'58  However,  the 
viability  of  this  cosmic  mechanism  rests  upon  the  absence  of  any 
reactive  channel  180Tam(7,7* )180Ta  which  could  destroy  the  isomeric 
population  in  the  photon  bath  present  in  the  stellar  interior  at  the 
time  of  creation.  Prior  experiments52'59  have  failed  to  show  such  a 
channel  having  any  gateway  for  excitation  below  1332  keV,  but  the  rarity 
of  the  target  material  limited  the  sensitivity  of  those  measurements. 
Reported  here  is  the  measurement  of  a  very  large  cross  section  for  the 
photonuclear  deexcitation  of  188Ta™  through  a  gateway  level  at  an  energy 
E  >  1.4  MeV.  This  definitive  observation  of  such  a  strong  radiative 
coupling  between  isomeric  and  ground  states  of  180Ta  may  affect  explana¬ 
tions  for  the  natural  occurrence  of  180Tam. 


The  energy  level  diagram  of  180Ta  and  its  daughters  is  shown  in  Fig. 
34,  together  with  a  schematic  representation  of  the  individual  steps  in 
the  excitation  and  detection  of  the  180Tara(7,7' )180Ta  reaction.  As  can  be 
seen  in  Fig.  34,  the  principal  means  for  the  detection  of  the  180Ta 
ground  state  lies  in  observing  the  Ka  lines  of  its  daughter,  180Hf, 
following  the  decay  by  electron  capture  of  the  parent  180Ta.  The 
efficiency  for  the  emission  of  Ka  photons  relative  to  the  number  of  180Ta 
decays  is  about60  57%. 
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Two  targets  were  used  in  these  experiments.  One  consisted  of  a 
disk  5  cm  in  diameter  of  tantalum  in  natural  isotopic  abundance.  It 
contained  about  0.5  mg  of  180Tara  in  the  surface  layer  of  thickness  equal 
to  the  mean  distance  for  escape  of  a  55  keV  x-ray  photon.  The  second 
target  was  enriched  to  contain  1.3  mg  of  18QTara  in  24.7  mg  of  181Ta. 
Deposited  as  a  dusting  of  oxide  near  the  center  of  the  surface  of  a  5  cm 
disk  of  Al  and  overcoated  with  a  0.25  mm  layer  of  Kapton,  this  second 
sample  was  believed61  free  from  self -absorption  of  the  x-rays  from  the 
daughter  Hf. 

The  samples  were  exposed  to  bremsstrahlung  radiation  from  the 
Varian  Clinac  1800  linear  accelerator  (LINAC)  operated  with  an  end-point 
energy  of  6  MeV  that  was  used  in  the  experiments  with  In  and  Cd.  This 
device  has  been  well  characterized,53'54  and  its  output  dose  rate  has 
been  calibrated  with  an  accuracy  of  ±  3%.  After  irradiation,  the 
samples  were  counted  with  an  N-type,  HPGe  spectrometer  having  a  berylli¬ 
um  entrance  window.  Conventional  techniques  were  used  to  calibrate  the 
counting  system  with  isotopic  standards. 

Figure  35  shows  the  spectra  of  the  enriched  target  before  and  after 
4  hours  irradiation.  The  spectrum  from  the  other  target  was  entirely 
similar  with  the  Hf  signal  reduced  by  the  ratio  of  the  masses  of  the 
I80jam  an(j  the  background  increased  by  the  appearance  of  K- lines  of  Ta 
excited  in  the  large  mass  of  diluent  181Ta  by  the  decay  of  natural 
activity  in  the  counting  shield. 

Figure  36  shows  the  dependence  upon  time  of  the  counting  rate 
observed  in  the  Hf(Ka)  peaks  after  irradiation.  Data  points  are  plotted 
at  the  particular  times  at  which  the  instantaneous  counting  rate  equals 
the  average  counting  rate  measured  over  the  finite  time  interval  shown. 
The  figure  shows  the  close  agreement  of  the  measured  rates  to  the  decay 
expected  for  a  half-life  assumed  to  be  8.1  hours. 
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Figure  35:  Dotted  and  solid  curves  show,  respectively ,  the  spectra 

obtained  before  and  after  dumping  some  of  the  isomeric  '80ra™  contained 
in  a  target  sample  enriched  to  5% .  An  HPGe  detector  was  used  to  obtain 
the  dotted  spectrum  before  irradiation.  The  feature  at  63  keV  is  from 
traces  of  natural  activity  in  the  counting  shield.  The  solid  curve 
shows  activity  resulting  from  the  transmutation  of  the  pumped  iaoTa 
measured  in  the  same  sample  and  counting  system  after  irradiation.  The 
prominent  additions  are  the  Ka  and  K0  hafnium  x-ray  lines  resulting  from 
electron  capture  in  the  180Ta. 


The  spectrum  of  the  bremsstrahlung  pumping  the  fluorescence  seen  in 
Fig.  35  was  taken  from  the  literature53  and  normalized  to  the  total  dose 
measured  in  this  experiment.  In  this  way  the  time  integrated  spectral 
intensity  producing  the  fluorescence  was  found  to  be  constant62  to 
within  a  factor  of  two  over  the  range  1-5  MeV  at  a  value  of  2  x  1014 
keV/keV/cm2.  The  number  of  counts  observed  in  the  Hf  Ka  lines  were 
corrected  for  finite  irradiation  and  counting  times,  the  absolute 
counting  efficiency  of  the  spectrometer,  and  the  57%  emission  intensity 
from  the  parent  180Ta  to  obtain  the  number  of  nuclei  pumped  to  the  ground 
state.  Assuming  self -absorption  in  the  enriched  target  to  be  negligi¬ 
ble,  the  integrated  cross  section  for  the  deexcitation  of  the  isomer  can 
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be  readily  calculated  if  the  reaction  is  assumed  to  occur  through  a 
gateway  state  narrow  in  comparison  to  the  range  of  energies  spanned  by 
the  irradiation.  A  value  of  or  -  4.8  x  10"25  cm2  keV  is  obtained  for  the 
integrated  cross  section  if  the  gateway  energy  is  arbitrarily  assumed  to 
be  near  the  lowest  value  consistent  with  prior52  negative  results,  2.0 
MeV.  Even  larger  cross  sections  would  result  from  the  assumption  that 
the  gateway  lies  at  higher  energies  where  the  pumping  flux  is  decreased 
or  from  from  inclusion  of  an  exact  self-absorption  correction.  Once  the 
gateway  energy  is  fixed,  experimental  error  in  the  integrated  cross 
section  is  bounded  on  the  lower  side  by  a  total  uncertainty  of  15% 
contributed  by  the  calibrations  of  source  and  detector  and  on  the  upper 
side  by  a  factor  of  two  arising  from  the  possible  loss  of  signal  because 
of  self -absorption  of  the  Hf  x-rays. 

The  results  of  this  work  show  a  radiative  connection  between  the 
isomer  180Tam  and  the  180Ta  ground  state  of  remarkable  strength.  Compara¬ 
tive  values  for  the  deexcitation  of  other  isomers  are  not  available  as 
it  appears  this  is  the  first  such  measurement.  However,  the  inverse 
process  for  the  excitation  of  isomers  by  (7,7')  reactions  typically 
proceed11*39*63  with  integrated  cross  sections  at  least  two  orders  of 
magnitude  smaller.  The  value  reported  here  for  the  reaction 
180Taro(7,7'  )1s°Ta  is  inexplicably  large  and  may  have  several  consequences. 
If  the  gateway  level  through  which  it  proceeds  is  not  sufficiently  above 
the  thermal  energies  expected  to  characterize  the  s -process  of  nucle¬ 
osynthesis,  current  models  of  the  stellar  production  of  the  nuclei  of 
l80Tam  will  be  severely  affected. 


N00014-86-C-2488 


The  greatest  significance  of  this  experiment  in  pumping  iaoTam  bears 
on  the  feasibility  of  a  gamma-ray  laser.  There  is  a  threefold  signifi¬ 
cance  to  this  demonstrationof  the  efficiency  for  pumping  isomers  with 
x-rays . 


1)  The  first  real  isomer  to  be  tested  for  a  gamma-ray  laser  was 
successfully  pumped  down  with  an  astonishingly  large  cross 
section  of  80,000  on  a  scale  where  10  describes  a  fully  al¬ 
lowed  process. 

2)  The  nuclear  analog  to  the  ruby  laser  is  a  fully  viable  scheme 
for  a  gamma-ray  laser,  and  iaoTam  narrowly  misses  being  an 
acceptable  candidate.  It  performed  about  104  times  better 
than  would  have  been  expected  theoretically. 

3)  These  results  with  a  seemingly  unattractive  candidate  indicate 
the  probabilities  should  be  raised  for  full  success  of  one  of 
the  other  28  materials. 
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RADIATIVE  COUPLING  TO  THE  ISOMERIC  STATE  123Tem _ 

The  first  observation15  of  a  (7,7')  reaction  leading  to  the  deexci¬ 
tation  of  an  isomeric  population  revealed  an  unexpected  large  cross 
section  for  the  process  as  just  discussed.  The  reaction 
180Tam(7,7')180Ta  was  found  to  proceed  through  a  partial  width  of  0.5  eV 
when  pumped  with  the  bremsstrahlung  from  a  medical  linear  accelerator 
(linac) .  This  is  an  enormous  value  which  exceeds  anything  previously 
reported  for  (7,7')  reactions11*59'68  by  two  to  three  orders  of  magnitude. 
Such  a  high  probability  for  deexcitation  had  been  least  expected  for 
this  isomer  because  of  the  unlikely  change  of  AJ  -  8  between  180Tam  and 
its  ground  state.  For  this  reason  it  had  been  considered  one  of  the 
poorest  of  the  29  candidates  for  a  gamma-ray  laser. 

The  extremely  large  size  of  the  integrated  cross  section  for  the 
deexcitation  of  180Taffl  of  4.8  x  10-22  cm2  eV  allowed  us  to  perform  those 
experiments  with  as  little  as  one  milligram  of  180Tam-  Unfortunately, 
even  milligram  sized  samples  are  not  available  ,for  any  of  the  remaining 
28  candidates  so  the  general  applicability  of  the  lessons  taught  by  the 
tantalum  experiment  cannot  be  directly  examined.  However,  123Te,n  is  one 
of  the  few  candidates  for  which  indications  can  be  found  by  less  direct 
means.  It  has  both  a  radioactive  signature  sufficiently  distinctive  to 
permit  its  unequivocal  detection  and  a  stable  ground  state  from  which  to 
fabricate  a  target.  In  this  case  the  ground  state  123Te  is  a  rare,  but 
naturally  occurring  radioactive  isotope  with  0.91%  natural  abundance 
and  a  half-life  of  1.3  x  1013  years.  Thus,  instead  of  deexciting  the 
isomeric  state  to  the  ground  state,  the  inverse  reaction  can  be  studied 

In  fact,  experimental  difficulties  remain  because  of  the  combina¬ 
tion  of  the  low  natural  abundance  of  123Te  in  the  ground  state  and  a 
long  half-life  of  119.7  days  for  the  emission  of  the  fluorescence. 
Before  there  was  any  reason  to  expect  that  such  negative  factors  could 
be  compensated  by  a  great  width  to  the  process,  there  was  little 
motivation  to  try  to  examine  the  reaction  123Te(y ,  7' )  123Tein  and  it  was 
not  reported  in  the  previous  general  survey.64  In  the  experiments 
described  here  it  was  found  that  a  large  width  did  compensate  the  other 
difficulties  and  substantial  amounts  of  fluorescence  were  observed. 

The  energy  level  diagram  of  123Te  is  shown  in  Fig.  37,  together  with 
a  schematic  representation  of  the  individual  steps  in  the  excitation  and 
detection  of  the  123Te(7,7* )123Tem  reaction.  As  can  be  seen  in  Fig.  37, 
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detection  of  the  isomer  depends  on  observing  the  159  keV  line  from  the 
lowest  lying  excited  state  in  123Te,  which  is  populated  by  the  decay  of 
123Tem  through  an  M4  transition.  The  efficiency  for  the  emission  of  159 
keV  photons  relative  to  the  number  of  123Tem  decays  is  about60  84% . 


TIME  (d) 


Figure  39:  Plot  of  Che  time  decay  of  Che 
accivicy  of  Che  123Tem  produced  in  Che  Car- 
gee  hy  irradiacion  wich  x-rays.  The  size 
of  Che  ploCCed  poinCs  is  comparable  Co  a  1 
o  deviacion ,  and  Che  slope  indicaces  che 
expected  119.7  day  half-life . 


The  spectrum  of  the  bremsstrahlung  pumping  the  fluorescence  seen  in 
Fig.  31  was  taken  from  the  literature53  and  was  normalized  to  the  total 
dose  measured  in  this  experiment.  In  this  way  the  time  integrated 
spectral  intensity  producing  the  fluorescence  was  found  to  vary  no  more 
than  a  factor  of  two  over  the  range  1-5  MeV,  being  approximately  1.0  * 
1014  keV/(keV  cm2)  .  The  number  of  counts  observed  in  the  159  keV  line 
was  corrected  for  finite  irradiation  and  counting  times.  The  total 
number  of  excitations  was  then  calculated  based  on  the  84%  emission 
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intensity  of  the  159  keV  line  from  123Te,  the  calculated  59%  probability 
for  unmodified  escape  of  the  photon  from  the  sample,  and  the  calibrated 
absolute  peak  efficiency  for  the  detector.  From  such  data  the  integrat¬ 
ed  cross  section  for  the  deexcitation  of  the  isomer  can  be  readily 
calculated  if  the  reaction  is  assumed  to  occur  through  a  gateway  state 
narrow  in  comparison  to  the  range  of  energies  spanned  by  the  irradia¬ 
tion.  A  value  of  oT  -  1.0  x  10-25  cm2  keV  is  obtained  for  the  integrated 
cross  section  if  the  gateway  energy  is  arbitrarily  assumed  to  be  near 
the  lowest  value  consistent  with  prior15  negative  results,  2.0  MeV. 
Even  larger  cross  sections  would  result  from  the  assumption  that  the 
gateway  lies  at  higher  energies  where  the  pumping  flux  is  decreased. 
Once  the  gateway  energy  is  fixed,  experimental  error  in  the  integrated 
cross  section  is  bounded  by  a  total  uncertainty  of  15%  contributed  by 
the  calibrations  of  source  and  detector. 


As  in  the  case  of  the  deexcitation  of  180Tara,  the  cross  section  for 
the  excitation  of  123Tem  is  an  enormous  value.  Moreover,  the  straight¬ 
forward  path  of  analyses  shown  schematically  in  Fig.  40  leads  to  rather 
astonishing  conclusions. 


Along  the  path  of  analysis  of  Fig.  40,  assumptions  are  shown  in 
ovals  and  derived  results  in  rectangles.  The  most  conservative  results 
continue  to  be  obtained  by  supposing  the  energy  of  the  gateway  band  to 
which  absorption  first  occurs  to  lie  around  2  MeV.  As  shown  in  Fig.  40, 
this  assumption  together  with  the  measured  number  of  decays  of  123Tem 
gives  the  value  being  reported  for  the  integrated  cross  section, 

(xbab0rao/2)  . 


To  obtain  the  partial  width  in  the  third  row  of  Fig.  40  requires 
the  Breit-Wigner  cross  section  given  in  Eq.  (4). 


The  value  of  ap  is  essentially  zero  for  a  2  MeV  transition  which  is 
highly  allowed;  and  even  were  it  not,  a0  would  be  reduced  further  and 
the  partial  width  would  become  even  larger.  Nothing  is  known  about  the 
spin  of  the  gateway  state,  but  it  is  most  reasonable  to  expect  it  to  lie 
between  that  for  the  initial  and  final  states.  In  that  case  Ie  >  Ig, 
since  the  process  is  starting  on  the  l/2+  state.  From  Eq.  (4)  it  can  be 
seen  that  the  assumption  Ie  -  3/2  results  in  a  possible  underestimation 
of  a0  but  not  by  more  than  50%. 66  As  shown  in  Fig.  40,  the  partial 
width  for  pumping  the  isomer  down  to  the  ground  state  becomes, 


b,bor  -  0.05  eV 
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contributed  equally  by  two  transitions,  each  of  0.1  eV  width.  As  shown 
in  Fig.  37,  one  must  connect  to  the  ground  and  one  to  some  other  level 
with  angular  momentum  more  nearly  comparable  to  that  of  the  isomer. 
Transition  strengths  are  often  measured  in  Weisskopf  units  (W.u.)  since 
1.0  W.u.  is  the  maximum  possible  for  the  transition  of  a  single  nucleon 
for  a  given  multipolarity.16  Converted  into  those  units  the  transition 
probability  B(M)  for  one  of  the  component  steps  of  0.1  eV  width  would 
become , 

B(E1)  -  0.0058  W.u.  ,  (43) 

and 

B(M1)  -  0.6  W.u.  ,  (44) 
respectively,  depending  upon  whether  the  multipolarity  M  were  El  or  Ml. 

Again,  these  are  enormous  strengths,  being  almost  without  prece¬ 
dent.  The  expected17  value  for  an  electric  dipole  transition  lies  in 
the  range  5  x  10"7  to  6  x  10-5  W.u.  for  heavy  nuclei  and  fewer  than  ten 
are  known17'18  to  approach  0.1  W.u.  at  these  energies.  For  those 
exceptional  cases,  the  width  of  the  upper  level  is  entirely  due  to  the 
contribution  from  a  single  transition.  Prior  to  the  results  with  180Tam 
there  were  no  cases  known  where  two  transitions  of  such  strength  added 
comparable  components  of  width  to  the  same  upper  state. 

The  situation  is  little  changed  if  the  transitions  are  assumed  to 
be  mediated  by  the  magnetic  dipole,  Ml  operator.  Generally  not  as 
hindered  as  El  transitions,17  Ml  strengths  approach  0.1  W.u.  in  many 
cases.  However,  the  scale  of  the  W.u.  for  an  Ml  transition  is  smaller 
in  physical  units  of  width;  so  our  measured  widths  correspond  to  a  much 
larger  number  of  W.u.,  thus  presenting  the  equivalent  problem.  Fewer 
than  ten  Ml  transitions  are  known17  to  have  B(M1)  >  1.0  W.u.  and  none 
are  paired  to  share  a  common  level. 

While  the  width  of  the  transfer  process  is  difficult  to  interpret 
in  the  context  of  a  single  funneling  state  in  a  single  particle  model,  a 
puzzle  of  comparable  complexity  is  found  in  the  efficiency  with  which  AJ 
is  transferred.  As  in  the  case  of  180xam,  it  is  an  interesting  specula¬ 
tion  that  at  certain  energies  of  excitation  collective  oscillations  of 
the  core  nucleons  could  break  some  of  the  symmetries  upon  which  rest  the 
identification  of  the  pure  single  particle  states.  If  single  particle 
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states  of  differing  angular  momenta  were  mixed  in  this  way,  the  possi¬ 
bility  for  transferring  larger  amounts  of  AJ  with  greater  partial  widths 
might  be  enhanced. 

Whatever  the  cause,  the  significance  of  these  results  is  clear. 
Two  of  the  poorest  examples  of  the  29  candidates  for  gamma-ray  materials 
were  found  to  have  very  strong  radiative  connections  between  ground  and 
isomeric  states.  The  partial  width  for  creating  the  123Tem  isomer 
corresponds  to  0.05  eV,  an  enormous  value,  and  the  inverse  could  easily 
approach  the  0.5  eV  measured  for  the  dumping  of  iaoTam,  since  pumping 
down  in  energy  should  be  more  favorable  than  pumping  up.  It  appears 
that  both  180Tara  and  123Tem  narrowly  missed  being  acceptable  candidates. 
They  performed  about  10*  and  at  least  103  times  better  than  would  have 
been  expected  theoretically.  These  results  with  seemingly  unattractive 
candidates  indicate  the  probabilities  should  be  raised  for  full  success 
of  one  of  the  other  27  materials. 
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LARGE  CHANGES  OF  ANGULAR  MOMENTA  PUMPED  BY  BREMSSTRAHLUNG  IN 
SELECTED  NUCLEI 


A  renaissance  in  the  study  of  (7,7')  reactions  has  been  launched  by 
the  availability  of  medical  linear  accelerators  (linacs)  which  can  serve 
as  intense  and  stable  bremsstrahlung  sources  with  particularly  well- 
characterized  spectra.53'54  The  total  doses  which  they  can  deposit  in 
reasonable  working  periods  have  made  possible  the  examination  of  (7,7') 
reactions  involving  rare  materials  for  which  target  masses  are  limited 
to  milligrams.  In  this  way,  the  first  (7,7')  reaction  leading  to  the 
deexcitation  of  an  isomeric  sample  was  studied,15  with  rather  unexpected 
results.  Requiring  an  unlikely  change  of  AJ  -  8,  this  isomer  180Tara  was 
dumped  through  a  partial  width  of  at  least  0.5  eV,  an  enormous  value 
exceeding  anything  previously  reported  for  (7,7')  reactions  at  compara¬ 
ble  energies  by  two  to  three  orders  of  magnitude.  Rather  similar 
results67  were  found  for  reactions  producing  isomers  in  a  few  cases. 
Integrated  cross  sections  of  the  order  of  10,000  in  the  units  of  10"29 
cm2  keV  were  found  for  the  excitation  of  isomers  of  ’^Cd,  113In,  and 
115In,  and  for  excitation  of  the  laser  candidate  123Te™,  through  resonant 
gateways  pumped  by  bremsstrahlung  from  the  same  linear  accelerator 
producing  most  of  its  intensity  near  2  MeV. 

Reported  here  is  the  extension  of  these  studies  to  the  excitation 
of  very  long-lived  isomers  having  half-lives  varying  from  hours  to 
weeks.  Again  pumping  with  the  linac  having  its  end  point  energy  at  6 
MeV,  the  (7.7')  reactions  had  to  proceed  through  channels  providing  for 
changes  of  angular  momentum  ranging  from  AJ  —  4  to  6.  Five  nuclides 
were  examined:  87Sr,  117Sn,  135Ba,  195Pt,  and  199Hg.  Integrated  cross 
sections  were  found  to  range  from  1,000  to  20,000  in  the  usual  units  of 
10"29  cm2  keV,  the  facility  for  excitation  showing  no  correlation  with 
AJ .  The  largest  occurred  for  195Pt(7,7' )195Ptm  which  requires  AJ  -  6  to 
excite  a  4  day  isomer.  While  the  energies  of  the  responsible  gateways 
cannot  yet  be  determined,  the  pervasiveness  of  such  large  partial  widths 
for  the  exchange  of  substantial  amounts  of  angular  momentum  was  unex¬ 
pected  at  any  energies  below  the  thresholds  for  (7,n)  reactions. 


Experimental  Procedures 


The  relevant  energy  levels  for  the  five  nuclei  of  interest  in  these 
experiments  are  shown  in  Fig.  41.  They  were  present  in  targets  fabri¬ 
cated  from  materials  containing  natural  isotopic  abundances.  In  some 
cases  they  were  thick  enough  that  self -absorption  of  the  output  transi¬ 
tion  necessitated  a  correction  of  significant  magnitude.  The  samples  of 
elemental  Pt  and  Sr  were  in  plate  form.  The  other  samples  were  powders 
held  in  flat,  cylindrical  polyethylene  vials.  All  samples  were  counted 
at  the  endcap  window  of  a  10%  relative  efficiency,  n-type  Ge  detector. 
Target  parameters  are  summarized  in  Table  VI,  together  with  the  correc¬ 
tions  for  self -absorption  computed  from  the  counting  geometry,  sample 
composition,  and  sample  density.  As  shown  in  Fig.  41,  two  fluorescent 
transitions  occurred  with  sufficient  probabilities  from  the  199Hgm  state 
to  support  measurement  of  the  integrated  cross  section  for  the 
199Hg(7,7' )199Hgm  reaction.  Having  different  energies,  they  encountered 
different  levels  of  self -absorption  and  served  to  confirm  the  procedures 
for  correction. 


Table  VI 


Summary  of  target  parameters  for  the  nuclides  used  in  these  experiments. 
The  transparency  factor  listed  in  the  rightmost  column  is  the  computed 
fraction  of  the  emitted  counts  able  to  reach  the  spectrometer  in  the 
particular  geometry  employed. 


Nuclides  Form  Abundance  Sample  Mass  Half-life  Fluorescence  Trans - 

(%)  (g)  (days)  (keV)  parency 
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Targets  were  exposed  for  times  on  the  order  of  four  hours  to  the 
output  of  a  Varian  Clinac  1800  linear  accelerator  at  the  Department  of 
Radiology  of  the  University  of  Texas  Southwestern  Medical  Center  at 
Dallas.  This  linear  accelerator  was  operated  with  an  end  point  energy 
of  6  MeV. 

After  irradiation,  targets  were  removed  to  the  counting  facility  of 
the  Center  for  Quantum  Electronics  of  the  University  of  Texas  at  Dallas, 
where  the  decays  of  the  isomeric  products  of  the  (7,7')  reactions  were 
measured  with  the  Ge  spectrometer  system.  Typical  spectra  are  shown  in 
Figs.  42a  -  42e. 

Confirmation  that  the  fluorescence  peaks  were  the  signatures  of  the 
decays  of  the  respective  isomers  was  obtained  by  examining  the  decays  of 
the  counting  rates  as  functions  of  the  time  elapsed  from  the  cessation 
of  the  irradiation.  These  decay  curves  are  shown  in  Fig.  43a  -  43e, 
together  with  lines  recording  the  expectations  based  upon  literature 
values  of  the  half-lives.  Fluctuations  expected  at  the  la  level 
correspond  roughly  to  the  sizes  of  the  plotted  points  with  one  exception 
in  which  the  la  error  bars  are  explicitly  shown.  For  each  of  the  five 
nuclides  studied,  both  spectral  and  temporal  content  of  the  fluorescence 
conformed  to  the  unequivocal  signatures  of  the  five  isomers  expected. 
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Figure  42:  Successive  spectra  of  Che  fluorescences  detected  with  an 
intrinsic  Ge  detector  emphasizing  the  ranges  of  energies  shown.  Transi¬ 
tions  shown  in  Figs.  41a  -  41e  for  the  detection  of  the  isome  s  are 
identified  by  the  arrows.  In  each  figure  successive  spectra  have  been 
offset  vertically  by  the  amounts  shown,  with  the  one  taken  directly 
after  irradiation  at  the  top.  The  times  elapsed  from  the  ends  of 
irradiation  to  the  start  of  the  counting  intervals  are  as  follows: 

a)  (opposite  top)  a7Sr;  1.42,  5.77,  and  10.87  h  for  durations  of  15, 
120,  and  120  min,  respectively. 

b)  (opposite  center)  117Sn;  3.17,  13.96,  and  38.1  days  for  durations  of 
600  min  each.  The  peak  at  higher  energies  is  from  the  natural  back¬ 
ground  . 

c)  (opposite  bottom)  135Sa;  5.20,  37.8,  and  87.6  h  for  durations  of  120, 
300,  and  402.8  min,  respectively .  The  spurious  peak  at  lower  energies 
is  from  the  natural  background . 

d)  (top)  195P t;  0.59,  4.99,  and  12.96  days  for  durations  of  300,  600,  and 
600  min,  respectively .  The  transition  at  98.9  keV  is  also  part  of  the 
cascade  from  the  isomer  195Ptn’,  originating  on  the  lowest  excited  state 
in  Fig.  Id.  Structures  at  even  lower  energies  are  part  of  the  back- 
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Figure  4 3:  Plots  of  the  counting  rates 
measured  in  the  peaks  of  the  lines  identi¬ 
fied  in  Figs.  U2a  -  4 2e  as  functions  of 
time  elapsed  from  the  end  of  the  irradia¬ 
tion.  Except  where  error  bars  are  explic¬ 
itly  shown,  the  vertical  dimensions  of  the 
data  points  are  consistent  with  la  devia¬ 
tions  of  the  measured  numbers  of  counts 
accumulated  during  the  finite  counting 
intervals  shown  at  the  tops  of  the  graphs. 
The  dotted  lines  show  the  rates  expected 
for  the  literature  values  of  the  half- 
lives. 

a),  b) ,  and  c)  (opposite,  top  to  bottom) 
Decays  of  the  fluorescences  from  87 Sr m, 
117Snm,  and  ^Br"1. 

d)  and  e)  (top  and  center)  Decays  of  the 
fluorescences  from  195Pcm  and 
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Results 


From  the  numbers  of  counts  in  the  fluorescence  spectra  of  Figs .  42a 
-  42e,  the  numbers  of  activations  in  the  samples  were  obtained  by 

well-established  procedures.  The  efficiency  of  the  spectrometer  was 
determined  with  calibrated  sources  and  was  found  to  conform  closely  to 
nominal  specifications.  Self -absorption  corrections  were  taken  from 
Table  I,  and  fluorescence  efficiencies  from  the  literature.60  At  this 
stage  of  analysis,  the  numbers  of  activations  in  199Hg  indicated  by  the 
two  different  transitions  agreed  to  within  2%,  thus  verifying  the 
procedure  for  calculating  the  self-absorption  corrections. 

The  rates  of  activations  of  the  samples,  dN/dt,  were  obtained  by 
dividing  the  observed  numbers  of  activations  by  the  irradiation  times 
after  correcting  for  finite  counting  and  irradiation  times .  Literature 
values  of  the  half-lives  were  used  in  making  these  corrections.10 

From  Eq.  (2a)  the  excitation  rate  is, 

dN 
dt 

where  the  parameters  in  parentheses  comprise  the  integrated  cross 
section  for  pumping  the  (7,7')  reaction  through  the  i-th  gateway,  <£,•  is 
the  photon  flux  at  the  energy  needed  to  excite  that  gateway,  and  N0  is 
the  number  of  target  nuclei.  The  combination,  Tx 

rx  -  babor  ,  (46) 

is  the  partial  width  for  excitation  with  parameter  being  defined  as  for 
Eq.  (2b). 

In  our  experiment,  the  spectrum  of  irradiation,  <£j(E),  cannot  yet 
be  varied  in  a  controlled  manner  so  that  the  sum  of  Eq.  (45)  cannot  be 
decomposed  from  the  experimental  measurements  of  dN/dt  into  components 
from  each  of  the  contributing  bands.  An  interesting  alternative  is  to 
extract  the  effective  cross  section  a(E)  which  would  be  necessary  to 
produce  the  observed  activation  through  a  single  gateway, 

dN/dt 


£  (*IW2)f  ,  (45) 


tf(E)  - 


(47) 


ENERGY  (MeV) 


Figure  44:  Relative  spectral  intensi¬ 
ties  of  the  bremsstrahlung  used  for 
irradiation  in  these  experiments  nor¬ 
malized  so  that  the  integral  under  the 
curve  is  unity. 
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The  spectral  distribution  from  the  Clinac  1800  medical  linac  is 
considered  to  be  well-known53*54  and  is  normalized  by  a  measurement  of 
the  total  dose  delivered  during  the  irradiation.  The  expected  distribu¬ 
tion  is  reproduced  from  Fig.  31  in  Fig.  44  shown  here  for  convenience. 
From  the  ^(E)  determined  in  this  way,  the  effective,  integrated  cross 
section  can  be  determined  from  the  measured  activation  rate  as  shown  in 
Eq.  (47).  The  a( E)  is  a  function  of  the  energy  E  at  which  the  effective 
gateway  is  assumed  to  lie.  Results  for  the  five  isotopes  examined  in 
these  experiments  are  shown  in  Figs.  45a  -  45e.  In  each  case  the 
possible  values  of  energies  for  the  gateways  are  limited  at  the  lower 
end  by  prior  reports  of  much  smaller  cross  sections  for  (7,7')  reactions 
known  to  occur  through  gateways  lying  between  1  and  1.5  MeV. 

Conclusions _ _ .  _ 


From  Figs .  45a  -  45e  it  can  be  seen  that  the  integrated  cross 
sections  for  the  excitations  of  isomers  proceeding  through  channels  open 
to  the  bremsstrahlung  from  a  6  MeV  medical  linear  accelerator  for  these 
five  species  reach  values  exceeding  almost  all  previous  results  by  two 
to  three  orders  of  magnitude.  However,  most  earlier  work  was  conducted 
with  sources  having  end  point  energies  lying  below  3  MeV  so  it  might  be 
initially  supposed  that  these  larger  cross  sections  describe  channels 
open  near  the  threshold  for  (7,n)  reactions  where  state  density  is  high. 
However,  a  troubling  aspect  is  the  large  change  of  angular  momentum 
spanned  by  these  reactions  and  the  lack  of  correlation  of  reaction 
probabilities  with  minimal  changes  in  J. 

The  reproducibility  of  the  experiment  is  demonstrated  in  Fig.  46, 
which  reports  the  absolute  level  of  agreement  between  experimental 
series  conducted  three  months  apart  after  complete  disassembly  and 
reintegration  of  the  apparatus.  Figure  47  presents  a  summary  of  the 
results  of  this  work  which  suggests  some  groupings  of  the  magnitudes  of 
these  cross  sections.  In  the  lowest  group,  values  are  reasonably 
continuous  with  prior  work.11 

The  most  indicative  point  of  comparison  is  found  in  Fig.  45a 
reporting  the  cross  sections  for  the  reaction  87Sr(7,7' )87Srm.  There  is 
plotted  the  largest  value  previously  reported11  for  such  a  reaction, 
that  of  280  -  580  (x  10"29  cm2  keV)  for  the  gateway  at  2.66  MeV.  The 
discrepancy  between  that  value  and  our  work  is  not  greater  than  what  was 


usually  found  between  successive  measurements  at  those  times.68  Howev¬ 
er,  since  our  results  are  greater,  an  alternative  explanation  which 
relies  on  a  complete  agreement  with  the  prior  work  demands  the  opening 
of  additional  gateways  at  higher  energies. 

The  pervasiveness  found  for  the  unexpectedly  large  values  for 
integrated  cross  sections  for  the  transfers  of  such  large  amounts  of 
angular  momenta  suggests  some  type  of  core  property  varying  only  slowly 
with  increasing  nuclear  size.  In  such  a  case,  however,  there  would  seem 
to  be  the  need  for  a  mixing  of  several  single  particle  states  so  the 
decay  of  the  gateway  state  could  occur  into  several  different  cascades 
with  comparable  probabilities.  In  any  case,  the  integrated  cross 
sections  found  in  this  experiment  correspond  to  remarkably  large  partial 
widths.  Derived  values  are  summarized  in  Table  VII.  Such  widths  are 
characteristic  of  relatively  unhindered  El  transitions  and  motivate 
further  investigation  of  their  occurrence. 


Table  VII 

Summary  of  the  partial  widths  for  the  (7,7')  reactions  producing  the 
isomers  of  the  species  shown.  Values  were  obtained  from  the  integrated 
cross  sections  by  assuming  the  gateway  energies  lay  at  2  MeV,  near  the 
bremsstrahlung  maximum,  and  that  statistical  weights  were  the  same  in 
the  ground  and  gateway  states,  so  that  aQ  -  6 . 1  x  10-22  cm2. 
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Figure  45:  The  integrated  cross  sections  for 

the  (y.y')  reactions  shown  on  each  panel  through 
single,  unknown  gateway  states  as  functions  of 
the  energies  at  which  they  could  be  assumed  to 
lie.  Literature  values  preclude  the  possibili¬ 
ties  chat  these  gateways  could  lie  at  energies 
below  the  minima  shown. 

a)  (opposite  top)  Reaction  of  67Sr  together  with 
a  previous  measurement  from  Ref.  11. 

b)  and  c)  (opposite  center  and  bottom )  Reactions 
of  117Sn  and  ‘"Ba. 

d)  and  e)  (top  and  center)  Reactions  of  195Pt  and 
™Hg. 
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Figure  4 6:  The  integrated  cross  section  for 
the  (y, y ' )  reactions  producing  the  isomers  195Pcfll 
and  '17Sri*  through  single,  unknown  gateway  states 
as  functions  of  the  energies  at  which  they 
could  be  assumed  to  lie.  Data  from  two  sepa¬ 
rate  experimental  series  are  shown  to  illus¬ 
trate  long-term  reproducibility . 
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PHOTOACTIVATION  OF  SHORT-LIVED  ISOMERS  WITH  BREMSSTRAHLUNG 
RADIATION  FROM  A  MEDICAL  UNEAR  ACCELERATOR _ 

Reported  here  is  the  extension  of  the  studies  of  the  excitation  and 
deexcitation  of  long-lived  isomers  with  the  bremsstrahlung  from  a  6  MeV 
linac.  This  work  was  concerned  with  excitation  of  short-lived  isomers 
having  half-lives  varying  from  2.3  to  153  seconds.  Pumped  with  the  same 
linac  as  used  with  the  longer-lived  isomers,  these  (7,7')  reactions 
proceeded  through  channels  providing  for  changes  of  angular  momentum 
ranging  from  AJ  -  3  to  5.  Eight  isomers  were  successfully  activated  and 
studied  in  this  work:  167Er,  ^Br,  191Ir,  183W,  197Au,  89Y,  ^Se,  and  137Ba. 
In  addition,  silver  was  photoactivated,  but  the  limited  resolution  of 
our  Nal(Ti)  spectrometer  was  inadequate  to  separate  the  contributions  of 
107Ag  (T1/2  -  44.2  s,  E  -  93.2  keV)  and  109Ag  (T1/2  -  39.6  s,  E  -  88.0 
keV)  .  Six  other  isomers,  207Pb,  90Zr,  177Hf,  178Hf,  176Yb,  and  190Os, 
exhibited  no  measurable  activation. 

Because  of  the  short  half-lives  a  pneumatic  system  was  needed  to 
transfer  the  samples  from  the  site  of  the  irradiation  to  the  counting 
system.  Since  the  activation  saturated  after  a  few  half-lives  for  the 
isomeric  population,  irradiation  times  were  short  and  only  (7,7') 
reactions  proceeding  through  highly  allowed  channels  could  be  studied. 
Nevertheless,  integrated  cross  sections  were  generally  found  to  be  as 
large  for  the  short-lived  isomers  as  had  been  found  for  the  longer- lived 
ones,  ranging  from  2000  to  100,000  in  the  usual  units  of  10-29  cm2  keV. 
In  contrast  to  the  previous  work  with  the  long-lived  isomers,  these 
studies  showed  some  roughly  inverse  correlation  of  cross  section  with 
the  magnitude  of  AJ  that  had  to  be  spanned  between  ground  state  and 
isomer.  While  the  energies  of  the  responsible  gateways  still  cannot  be 
determined,  the  pervasiveness  of  such  large  partial  widths  for  the 
exchange  of  substantial  amounts  of  angular  momentum  remains  surprising 
for  any  energies  below  the  thresholds  for  (y,n)  reactions. 


Experimental  Procedures 

The  relevant  energy  levels  for  the  ten  nuclei  of  interest  in  these 
experiments  are  shown  in  Fig.  48.  With  two  exceptions,  they  were 
present  in  targets  fabricated  from  materials  containing  natural  isotopic 
abundances  in  the  form  of  either  powders  held  in  cylindrical  poly- 
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ethylene  vials  or  in  metallic  foils.  In  some  cases  the  samples  were 
sufficiently  thick  that  self-absorption  of  the  output  transition 
necessitated  a  correction  of  significant  magnitude.  The  samples  of 
167Er  and  ^Se  were  isotopically  enriched  materials. 


Targets  were  exposed  for  times  on  the  order  of  a  few  minutes  to  the 
output  of  the  Varian  Clinac  1800  linear  accelerator  at  the  Department  of 
Radiology  of  the  University  of  Texas  Southwestern  Medical  Center  at 
Dallas.  This  linear  accelerator  was  operated  with  an  end  point  energy 
of  6  MeV.  After  irradiation,  the  samples  were  transferred  to  a  counting 
system  with  the  same  pneumatic  arrangement  described  in  previous  reports 
of  experiments  conducted  on  e-beam  sources  of  bremsstrahlung. 19  The 
transit  time  was  logged  and  all  samples  were  counted  in  a  well -type 
Nal(Tl)  crystal  spectrometer. 


Target  parameters  are  summarized  in  Table  VIII,  together  with  the 
corrections  for  self- absorption  computed  from  the  counting  geometry, 
sample  composition,  and  sample  density.  The  validity  of  the  self¬ 
absorption  calculation  was  verified  by  comparing  cross-section  results 
obtained  for  idential  materials  using  samples  that  presented  different 
geometrical  conditions. 


TABLE  VIII 


LINAC  Short-lived  Isomer  Study 
Sample  Parameters  for  Nuclides  in  LINAC  Study 


Figure  48:  (continued)  Energy  level  diagrams  of  the  excited  states 

important  to  the  production  and  detection  of  the  isomers  of  the  nuclei 
shown.  Half-lives  of  the  states  are  shown  to  the  right  of  each, 

together  with  their  energies  in  keV.  Downward  arrows  locate  transitions 
used  in  the  detection  of  populations  of  the  isomers  produced  by  the 
absorption  transitions  indicated  by  the  upward  arrows.  The  locations  of 
the  gateways  through  which  the  (y,y')  reactions  proceed  are  not  to 

scale,  and  the  details  of  the  cascades  downward  to  the  isomers  are 

unknown.  Shown  by  dotted  arrows  are  components  of  cascades  from  the 
product  isomers  useful  in  feeding  the  transitions  used  for  detection, 
f),  g) ,  and  h)  (opposite  from  left):  Transitions  important  to  the  study 
of  (y,y')  reactions  producing  the  isomers  i9Ym,77Sem,  and  109Ag*.  i)  and 
j) .  (from  left):  Transitions  important  to  the  study  of  (y.y')  reactions 
producing  the  isomers  107Ag*  and  • 37Bam . 
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Typical  nuclear  fluorescence  spectra  from  the  isomers  excited  in 
this  work  by  the  irradiations  are  shown  in  Figs.  49a  -  49i.  The  low 
resolution  of  the  Nal(Tl)  system  necessitated  a  greater  level  of  concern 
over  the  identity  of  the  various  prominent  features  in  the  spectra  than 
would  have  been  necessary  had  the  data  been  taken  with  an  HPGe  spec¬ 
trometer.  Confirmation  that  the  fluorescence  peaks  were  the  signatures 
of  the  respective  isomers  was  obtained  by  examining  the  decays  of  the 
counting  rates  as  functions  of  the  times  elapsed  from  the  cessation  of 
the  irradiation.  These  decay  data  are  shown  in  Fig.  50a  -  50i,  together 
with  curves  reflecting  expectations  based  upon  literature  values  of  the 
half-lives.  For  each  of  the  ten  nuclides  studied,  both  spectral  and 
temporal  content  of  the  fluorescence  were  consistent  with  the  expected 
signatures . 

Results 


From  the  numbers  of  counts  in  the  fluorescence  spectra  of  Figs.  49a 
-  49i,  the  numbers  of  activations  in  the  samples  were  obtained  by 
well-established  procedures.  The  efficiency  of  the  spectrometer  was 
determined  with  calibrated  sources  and  was  found  to  conform  to  nominal 
specifications.  The  self -absorption  corrections  used  in  these  calcula¬ 
tions  are  listed  as  transparencies  in  Table  VIII.  Fluorescence  intensi¬ 
ties  were  taken  from  the  literature .4° 

The  rates  of  activations  of  the  samples,  dN/dt,  were  obtained  by 
dividing  the  observed  numbers  of  activations  by  the  irradiation  times 
after  correcting  for  finite  counting  and  irradiation  times.  Literature 
values  of  the  half-lives  were  used  in  making  these  corrections.10 
Procedures  for  obtaining  the  integrated  cross  sections  from  such  data 
were  described  in  Eqs.  (45)  -  (47)  in  the  preceeding  chapter. 

Results  for  the  eight  isotopes  characterised  in  these  experiments 
are  shown  in  Figs.  51a  -  51h.  In  each  case  the  possible  values  of 
energies  for  the  gateways  are  limited  at  the  lower  end  by  prior  reports 
of  much  smaller  cross  sections  for  (7,7')  reactions  known  to  occur 
through  gateways  lying  between  1  and  1.5  MeV. 
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Figure  49:  Characteristic  energy  spectra  for  isomeric  decays  obtained 
in  this  work  with  a  7.6  cm  x  7.6  cm  diameter  Nal(Tl)  detector  having  a 
5.1  cm  x  2.5  cm  diameter  well.  Transitions  shown  in  Figs.  48a  -  48 i  for 
the  detection  of  the  isomers  are  identified  by  the  arrows.  Counting 
times  are  given  in  Table  VIII  and  the  times  elapsed  between  irradiation 
and  counting  are  as  follows: 

a),  b)  and  c)  (third  preceding  page)  167£r,  79 Br ,  and  191Ir:  Delays  of 
2.06,  2.06,  and  1.77  sec. 

d) ,  e)  and  f)  (second  preceding  page)  197  Au,  and  89Y:  Delays  of 

2.31,  1.63,  and  2.00  sec. 

g) ,  h)  and  i)  (preceding  page)  77 Se ,  107Ag/109Ag,  and  137Sa:  Delays  of 

2.00,  3.04,  and  1.84  sec. 
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Figure  50:  Plots  of  the  total  counting  rate  as  a  function  of  time 

elapsed  from  the  start  of  counting  for  the  isomers  studied  in  this  work. 
Plots  are  presented  as  total  counts  observed  in  successive  dwell 
intervals  of  the  multichannel  scaler.  All  events  above  a  chosen  lower 
level  discriminator  are  recorded .  The  dotted  lines  show  the  decay 
curves  expected  from  the  literature  values  of  the  half-lives . 
a),  b)  .and  c)  (third  preceding  page)  Fluorescence  decay  curves  for 
1  °7Ern,  '9Brm,  and  Dwell  times  are  0.05,  0.1,  and  0.1  seconds  per 

channel . 

d) ,  e) .  and  f)  (Second  preceding  page)  Fluorescence  decay  curves  for 
'97Aum,  and  89y™.  Dwell  times  are  0.1,  0.2,  and  0.4  seconds  per 
channel . 

g) ,  h) ,  and  i)  (preceding  page)  Fluorescence  decay  curves  for  77Sem, 
^7Agm/^9Agm,  and  '*7Bam.  Dwell  times  are  0.4,  1.0,  and  2.5  seconds  per 
channel.  The  presence  of  photoactivated  135Sam  (T1/2  -  28. 7h)  is  indi¬ 
cated  by  the  elevated  background  at  long  times. 


Conclusions 


From  Figs.  51a  -  51h  it  can  be  seen  that  the  integrated  cross 
sections  for  isomeric  excitation  in  these  eight  species  through  channels 
open  to  6  MeV  bremsstrahlung  reach  values  exceeding  almost  all  previous 
results  by  two  to  three  orders  of  magnitude,  continuing  the  trend  found 
in  the  excitation  of  the  longer- lived  isomers.  However,  most  earlier 
work  was  conducted  with  sources  having  end  point  energies  lying  below  3 
MeV  so  it  might  be  initially  supposed  that  these  larger  cross  sections 
describe  channels  open  near  the  threshold  for  (y.n)  reactions  where 
state  density  is  high.  A  troubling  aspect  is  the  large  change  of 
angular  momentum  spanned  by  these  reactions  and  the  lack  of  any  strong 
correlation  of  reaction  probabilities  with  minimal  changes  in  J.  Figure 
52  presents  a  summary  of  the  results  of  this  work  which  suggests  some 
groupings  of  the  magnitudes  of  these  cross  sections. 

The  pervasiveness  of  the  unexpectedly  large  values  of  integrated 
cross  sections  for  the  transfers  of  such  large  amounts  of  angular 
momenta  continues  to  suggest  some  type  of  core  property  varying  only 
slowly  with  increasing  nuclear  size.  In  such  a  case,  however,  there 
would  seem  to  be  the  need  for  a  mixing  of  several  single  particle  states 
so  the  decay  of  the  gateway  state  could  occur  into  several  different 
cascades  with  comparable  probabilities.  In  any  case,  the  integrated 
cross  sections  found  in  this  experiment  correspond  to  remarkably  large 
partial  widths.  Derived  values  are  summarized  in  Table  IX.  Such  widths 
are  characteristic  of  relatively  unhindered  El  transitions  and  motivate 
further  investigation  of  their  occurrence. 
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Figure  51:  The  circles  plot  integrated  cross  sec¬ 
tions  for  the  (1,1')  reactions  shown  on  each  panel 
through  single,  unknown  gateway  states  as  func¬ 
tions  of  the  energies  at  which  they  could  be  as¬ 
sumed  to  lie.  Literature  values  preclude  Che 
possibilities  that  these  gateways  could  lie  at 
energies  below  the  minima  shown.  As  shown  in  two 
cases,  183W  and  197Au  uncertainties  in  the  computa¬ 
tions  of  target  transparencies  introduced  probable 
errors  which  were  larger  than  the  plotted  sizes  of 
the  symbols. 

a),  b)  and  c)  (second  preceding  page )  Reactions 
of  187£r,  ™Br,  and  191Ir. 

d),  e)  and  f)  ( preceding  page)  Reactions  of  183V, 
197Au  ,  and  89 Y . 

g)  and  h)  (above)  Reactions  of  77 Se  and  137Ba. 


ASSUMED  GATEWAY  ENERGY  (MeV) 


Figure  52:  Summary  of  the  integrated  cross 
sections  for  the  (y,y')  reactions  producing 
the  isomers  of  the  species  shown,  plotted  as 
functions  of  the  energies  at  which  a  single 
gateway  state  could  be  assumed  for  each. 
For  simplicity  the  range  of  values  possible 
for  197Au  were  not  shown  and  the  data  for  183V 
must  be  considered  to  be  lower  limits. 
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Table  IX 

Summary  of  the  partial  widths  for  the  (7,7')  reactions  producing  the  isomers  of  the 
species  shown.  Values  were  obtained  from  the  integrated  cross  sections  by  assuming 
the  gateway  energies  lay  at  2  MeV,  near  the  bremsstrahlung  maximum,  and  that 
statistical  weights  were  the  same  in  the  ground  and  gateway  states,  so  that  a0  -  6.1 
x  10‘22  cm2. 


Nuclide 


jra0(bab0D/2  at  2  MeV 
(x  10*29  cm2  keV) 


Partial  width 
(meV) 


167Er 


197Au 


137Ba 


36,000 
2,000 
91,000 
>  3,700 

11,000  -  49,000 


6,700 

2,000 


>  38 

110  -  510 
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interesting.  The  opportunity  for  using  those  four  to  add  four  more 
energies  below  1.5  MeV  to  the  list  for  which  XAN  is  applicable  was 
discussed65  in  a  previous  quarterly  report.  Unfortunately,  of  the  ten 
nuclear  parameters  of  importance,  at  least  five  accepted  values  were 
found  to  be  drastically  erroneous.  An  error  rate  in  excess  of  50%  for 
this  part  of  the  nuclear  database,  coupled  with  the  lack  of  foreknowl¬ 
edge  of  which  of  the  materials  should  have  borne  greatest  scrutiny, 
resulted  in  insufficient  data  to  extract  the  self-consistent  parameters 
needed  for  the  application  of  XAN  at  four  additional  points. 

At  higher  energies  1.5  MeV  <  <  6  MeV  the  situation  becomes  even 
more  complex.67  Not  only  is  the  accepted  database10  flawed  severely,  but 
even  basic  concepts  break  down.69  Most  recent  experiments67*69  with  the 
bremsstrahlung  from  a  medical  linear  accelerator  (LINAC)  have  shown  the 
importance  of  a  new  class  of  giant  gateways  providing  a  path  for 
selective  excitation  of  delayed  fluorescence  about  1000  times  greater 
than  anything  found  earlier.67  Moreover,  conservation  principles 
tending  to  limit  such  activations  to  states  requiring  that  only  small 
changes  of  angular  momentum  be  imparted  together  with  the  x-ray  energy 
seem  no  longer  to  apply69  at  the  higher  end  points. 

With  the  discovery  of  these  giant  gateway  states  for  sampling 
bremsstrahlung  fluences  above  1.5  MeV,  there  is  a  clear  motivation  to 
attempt  to  determine  the  relevant  nuclear  parameters  and  energies,  Ef , 
so  that  the  XAN  procedure  for  calibrating  impulsive  sources  can  be 
extended  to  the  range  of  photon  energies  2-6  MeV.  Reported  here  are 
the  results  of  a  series  of  ranging  shots  into  a  target  package  irradiat¬ 
ed  by  DNA/ AURORA.  The  objective  was  to  determine  whether  the  case  could 
be  made  for  the  potential  .utility  of  the  XAN  method  for  the  calibration 
of  the  spectral  intensity  emitted  from  such  a  source.  Two  issues  were 
examined.  The  first  was  to  determine  to  what  extent  the  DNA/ AURORA 
could  be  cross  calibrated  to  the  LINAC  in  terms  of  relative  fluorescence 
yield  from  a  single  target  material.  The  second  was  to  survey  a 
selected  group  of  materials  to  determine  whether  they  evidenced  any 
individually  distinctive  dependence  of  fluorescence  efficiency  upon 
bremsstrahlung  end  point. 
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Experimental  Detail _ 

The  relevant  energy  levels  for  the  six  nuclei  of  interest  in  these 
preliminary  experiments  are  shown  in  Fig.  53a  -  53f.  They  were  present 
in  targets  fabricated  from  materials  occurring  in  natural  isotopic 
abundance.  Since  two  were  isotopes  of  indium,  there  were  only  five 
target  materials  irradiated. 

For  the  resolution  of  the  first  experimental  issue  the  indium 
target  was  used  in  the  form  of  a  thin  foil.  It  was  hung  on  a  test  stand 
31.5  cm  from  the  plane  bounding  the  outermost  projections  of  the  window 
assemblies  of  the  four  triaxial  output  lines  of  DNA/AURORA.  After 
irradiation  the  target  was  dismounted  and  dispatched  to  our  counting 
facility  at  the  Center  for  Quantum  Electronics  in  Dallas.  There,  the 
fluorescence  was  measured  at  the  endcap  window  of  a  10%  relative 
efficiency,  n-type  Ge  detector.  In  this  geometry  some  correction  had  to 
be  made  for  the  reabsorption  of  the  output  fluorescence  shown  in  Fig.  53 
in  the  target  material.  Computations  indicated  that  95%  of  the  fluores¬ 
cent  photons  escaped  this  self -absorption. 

The  activation  induced  by  the  reaction  113In(7, 7' )  113Inm  shown  in 
Fig.  53d  was  so  intense  that  usable  levels  of  fluorescence  were  still 
found  in  the  1.7  hr  isomer  of  the  4.3%  natural  fraction  of  the  7.6  g 
foil  after  the  6  hour  and  16  minute  transit  to  the  counting  facility  in 
Dallas. 

For  the  comparative  studies,  targets  of  BaF2,  Hg2Cl2,  and  SrF2  were 
fabricated  from  powders,  Cd  and  In  from  solid  pellets,  held  in  cylindri¬ 
cal  polyethylene  vials.  These  were  hung  at  the  position  of  the  indium 
foil,  and  were  irradiated  perpendicular  to  the  axes  of  the  vials. 
After  irradiation  they  were  dismounted  and  carried  to  a  locally  posi¬ 
tioned  Nal(Tl)  spectrometer.  The  entire  target  package  was  backed  with 
an  array  of  thermoluminescent  diodes  (TLD's)  which  were  used  to  deter¬ 
mine  the  morphology  of  the  radiation  pattern. 
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Figure  53:  Energy  level  diagrams  of  the  excited  states  important  to  the 
production  and  detection  of  the  isomers  of  the  nuclei  shown.  Half-lives 
of  the  states  are  shown  to  the  right  of  each,  together  with  their 
energies  in  keV.  Downward  arrows  locate  transitions  used  in  the 
detection  of  populations  of  the  isomers  produced  by  the  absorption 
transitions  indicated  by  the  upward  arrows.  The  locations  of  the 
gateways  through  which  the  (y,y‘)  reactions  proceed  are  not  to  scale, 
and  the  details  of  the  cascades  downward  to  the  isomers  are  unknown, 
a),  b) ,  and  c)  (second  preceeding  page,  from  left):  Transitions 

important  to  the  study  of  (y,y')  reactions  producing  the  isomers  137£am, 
and  111Ccf®. 

d) ,  e) ,  and  f)  (preceeding  page,  from  left):  Transitions  important  to 
the  study  of  (y,y')  reactions  producing  the  isomers  113Inm,  ”5Inm,  and 
87Sr". 


Results-Cross  Calibration  Studies 


From  Che  number  of  counts  in  Che  fluorescence  peaks  corresponding 
to  the  transitions  of  Figs.  53d  and  53e,  the  numbers  of  activations  in 
the  indium  foil  sample  were  obtained  by  well-established  procedures. 
The  efficiency  of  the  spectrometer  was  determined  with  calibrated 
sources  and  was  found  to  conform  closely  to  nominal  specifications. 
Self-absorption  corrections  were  calculated  as  discussed  and  fluores¬ 
cence  efficiencies  were  taken  from  the  literature.60  The  actual  numbers 
of  activations  of  the  samples,  S,  were  obtained  by  correcting  for  finite 
counting  and  irradiation  times.  Literature  values  of  the  half-lives 
were  used  in  making  these  corrections . 10 

The  spectral  fluence  can  be  obtained  if  it  is  assumed  that  one 
channel  at  energy  E1  dominates  the  excitation  so  that  the  basic  Eqs. 
(2a)  and  (2b)  can  be  inverted, 

*(E,)  SE1 

— - - —  (*bab0a0r/2  )-l  (48) 

As  mentioned  earlier  the  term  in  parentheses  is  the  integrated  cross 
section  for  the  excitation  of  the  fluorescence.  Values  reported  as  a 
result  of  the  linac  experiments70  are  shown  in  Fig.  54  as  functions  of 
the  energies  E1  at  which  the  pump  intensity  was  being  sampled. 

Using  the  data  of  Fig.  54  in  Eq.  (48)  together  with  the  actual 
numbers  of  activations  of  113In  and  113In  gives  the  values  of  spectral 
fluence  shown  in  Fig.  55.  Data  shown  there  define  the  locii  of  the 
single  measurement  of  intensity  which  would  result  if  the  precise 
energy,  E*.  of  the  dominant  gateway  were  known. 


INTEGRA  TED  CROSS  SECTION 
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For  comparison,  the  spectrum  indicated  by  dosimetry  is  shown  in 
Fig.  55  by  the  solid  line.  It  was  obtained  by  scaling  the  results  of  a 
theoretical  computation  of  the  spectrum71  to  the  dose  measured  with  the 
TLD's.  The  dose  is  defined  as  the  energy  absorbed  per  unit  mass  of 
target  and  is  computed  from  the  expression, 


"StH" 


dtp 

dE  { 


where 


(v) 

i 

mass  energy  absorption  coefficient72  for 
bremsstrahlung  at  Ej  in  units  of  cm2/g, 

h 

- 

photon  energy, 

dtp 

spectral  flux,  derivative  with  respect  to 

dE 

1  i 

photon  energy  of  the  photon  fluence ;  in 
units  of  photons/keV/cm2, 

AEl 

- 

size  of  the  mesh  of  energies  over  which 
the  previous  variable  is  reported. 

It  is  the  quantity, 
dtp 

G(E,)  -  gE,-  - 

dE 


that  is  reported72  as  a  result  of  computations  of  the  bremsstrahlung. 
In  this  expression  g  is  a  constant  normalizing  the  intensities  to  the 
total  measured  output.  In  actual  practice  it  is  determined  from 
measurements  of  the  dose  at  the  position  of  the  target  being  irradiated. 
Dividing  Eq.  (50)  by  g  and  substituting  into  Eq.  (49)  and  solving  for  g 
gives , 


-4-  Z  (-4)  10<,|,4E< 


Finally  substituting  back  into  Eq.  (50)  and  solving  for  Edcp/dE, 


m 


G(Ef)AE,- 


-  DG(Ej) 


which  is  the  quantity  for  which  measurements  are  reported  in  Fig.  55. 
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Figure  55:  Data  points  record  the  locii 
of  the  spectral  intensity  of  DNA/AURORA 
measured  at  one  energy  by  nuclear  activa¬ 
tion  calibrated  in  the  linac  in  comparison 
with  the  computed  spectrum  normalized  by  a 
dosimeter  measurement .  The  computed  spec¬ 
trum  is  represented  by  the  solid  line. 
The  energy  to  which  the  activation  proce¬ 
dure  is  most  sensitive  is  not  known  but 
locii  record  possible  values  and  corre¬ 
sponding  intensitites .  The  bremsstrahlung 
was  produced  by  DNA/AURORA  charged  to  90 
KV  at  the  Harx  input. 


Values  of  G(Ei)  were  available72  for  charging  voltages  of  90  kV  and 
110  kV.  Plotted  by  the  solid  line  in  Fig.  55  is  the  spectral  fluence 
calculated  from  Eq .  (52)  for  the  G(E,-)  reported  for  90  kV.  It  is 
particularly  interesting  that  the  functional  form  of  that  G(E()  closely 
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resembles  the  spectrum53  from  the  6  MeV  linac  and  the  resulting  spectral 
fluence  is  in  rough  agreement  with  the  measurements  obtained  with  the 
indium  absorbers . 


Results-Target  Survey 

Since  the  end  point  energy  of  the  bremsstrahlung  from  DNA/AURORA 
was  close  to  the  threshold  value  for  neutron  evaporation  from  (y.n) 
reactions,  it  was  necessary  to  examine  the  fluorescence  spectra  from  the 
materials  being  considered  as  calibrators  for  the  2-6  MeV  range  of 
energies .  These  spectra  are  shown  in  Figs .  56a  -  56e .  Dominant 
structures  are  marked  and  all  correspond  to  the  signatures  of  the 
respective  (7,7')  reactions. 

The  end  point  energy  of  the  bremsstrahlung  could  be  varied  over  a 
limited  range  at  DNA/AURORA  by  changing  the  primary  charge  voltage  on 
the  Marx  bank  while  adjusting  the  spark  gaps,  correspondingly.  If  the 
end  point  at  first  lay  below  the  energy  of  excitation  of  the  first  of 
the  giant  gateways,  relatively  little  excitation  would  be  expected. 
Then  as  it  were  increased,  the  activation  should  "turn- on"  when  the 
gateway  energy  was  reached.  To  search  for  such  evidence  of  a  distinc¬ 
tive  gateway  characteristic  of  each  target  material,  fluorescence 
photons  in  the  peaks  of  the  spectra  of  Fig.  56a  -  56e  were  counted  as 
functions  of  the  charging  voltage  of  the  Marx  generator. 

Data  were  corrected  to  obtain  relative  numbers  of  activations  by 
compensating  for  the  delay  in  the  start  of  the  counting  period  and  for 
its  finite  duration.  An  onset  of  excitation  through  a  gateway  is  more 
readily  observed  if  the  relative  numbers  of  activations  are  scaled  by 
the  input  dose  of  irradiation  measured  by  the  TLD's  at  the  position  of 
the  target.  In  this  way  the  increase  in  activation  simply  associated 
with  the  greater  dose  emitted  by  the  accelerator  at  higher  charging 
voltages  is  less  able  to  mask  the  increases  resulting  from  the  opening 
of  a  new  channel  for  absorption  in  the  nuclei.  Shown  in  Figs.  57a  -  57e 
are  the  resulting  values  of  the  activation  per  unit  dose  normalized  to 
the  activation  at  110  kV,  as  functions  of  the  charging  voltage  on  the 
Marx.  Due  to  insufficiently  complete  transit  time  information,  the 
137Ba  data  could  not  be  reduced  to  this  form. 
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Figure  56:  Spectra  of  the  fluorescence  detected  with  an 
Nal(Tl)  detector  over  the  range  of  energies  shown. 
Transitions  shown  in  Figs.  53a -53f  for  the  detection  of 
the  isomers  are  identified  by  the  arrows.  All  samples 
were  counted  for  600  s.  The  elapsed  times  from  irradia¬ 
tion  to  the  start  of  counting  are  as  follows: 
a),  b),  and  c)  (preceding  page):  137Sa,  199Hg,  and  ^’Cd: 
Transit  times  were  6m,  63  m,  and  27  m. 

d)  and  e)  (above):  113In/113In  and  87Sr:  Transit  times 

were  45  m  and  82  m. 


CHARGE  VOLTAGE  (kV) 


'  70  80  90  100  110  120 

CHARGE  VOLTAGE  (kV) 

Figure  57:  Isomeric  activation  per  kilorad  of  dose 
normalized  to  the  activation  at  110  kV ,  as  a  func¬ 
tion  of  the  DN A/ AURORA  charging  voltage  for  the 
following  nuclei: 

a)  ,  b) ,  and  c)  (preceding  page):  199 Hg m,  111Cdm,  and 

d)  and  e)  (above):  115Inm  and  ^Sr18. 

Where  no  error  bars  are  shown,  the  error  is  commen¬ 
surate  with  the  symbol  size.  For  87Sr",  the  dashed 
error  bar  indicates  the  largest  extent  of  the  error 
associated  with  the  cluster  of  points. 
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Conclusions _ 

The  general  agreement  between  the  calculated  and  measured  values  of 
spectral  fluence  from  DNA/AURORA  shown  in  Fig.  55  are  both  surprisingly 
good  and  disturbingly  inconsistent.  Since  the  dominant  gateway  energies 
of  the  115In  and  113In  components  of  the  target  are  not  known,  deviations 
between  theory  and  experiment  of  less  than  an  order  of  magnitude  are 
most  heartening.  This  is  the  first  and  most  overriding  conclusion. 

Finer  details  are  troublesome.  Not  having  access  to  a  variable 
energy  LINAC,  the  calibrating  values  of  the  integrated  cross  sections 
for  indium  activation  had  been  obtained  earlier  by  fitting  calculations 
of  LINAC  spectra  to  dosimeter  measurements  for  comparison  to  measured 
yields  of  fluorescence.  Rather  surprisingly  the  calculated  spectra  for 
the  6  MeV  LINAC  were  extremely  close  to  those  for  DNA/AURORA  charged  to 
90  kV.  Because  of  that,  it  would  have  seemed  unlikely  that  the  activa¬ 
tions  were  proceeding  through  gateways  at  different  energies,  one  being 
preferred  in  the  LINAC  case  and  the  other  in  AURORA.  As  a  consequence, 
it  would  seem  that  the  differences  seen  in  Fig.  55  should  have  accrued 
only  from  variances  in  counting  accuracy  and  dosimeter  calibrations  and 
thus,  should  have  been  far  smaller.  The  most  attractive  speculation  is 
that  in  fact,  gateways  were  accessed  at  different  energies  because  one 
or  the  other  of  the  two  sources  had  a  tail  of  higher  energies  more 
intense  than  computed.  Such  a  possibility  emphasizes  the  need  for  more 
definitive  calibration  of  the  sampling  targets. 

The  survey  data  pursuant  to  the  second  objective  is  interesting  in 
that  evidence  for  individual  gateways  may  be  appearing  at  the  lower 
charging  voltages.  Mercury  seems  to  show  a  sharper  onset  between  70  and 
80  kV  than  does  cadmium.  If  better  data  confirms  this  trend  it  will 
indicate  that  the  dominant  gateway  lies  at  higher  energies  in  ^Cd  than 
in  199Hg.  In  the  latter  case  the  onset  would  have  occurred  at  even 
lower  charging  voltages  than  tested  here  and  the  sharp  part  of  the 
increase  in  fluorescence  would  have  passed  before  70  kV  were  reached. 

The  present  data  is  of  such  a  cursory  nature  that  only  speculations 
can  be  supported  about  detailed  mechanisms.  What  is  clear  is  that  there 
is  a  strong  case  for  the  efficacy  of  calibrating  such  a  large  accelera¬ 
tor  as  DNA/AURORA  with  the  nuclear  activation  technique  we  proved  at 
lower  x-ray  energies.  Success  would  be  certain  if  a  variable  energy 
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A  FREQUENCY  MODULATION  SPECTROMETER  FOR  MOSSBAUER  STUDIES 


Introduction 


There  is  a  more  complex  path  toward  the  realization  of  a  gamma- ray 
laser  that  holds  the  promise  of  great  practical  efficiency.  Based  upon 
the  concept  of  "coherent  pumping"  which  we  introduced2  in  1982,  it 
depends  upon  the  existence  from  one  of  the  candidate  isomers  of  a 
transition  resonant  with  some  intense  source  of  coherent  radiation  such 
as  a  laser.  Just  as  in  the  case  of  the  priority  scheme  for  pumping 
isomers  with  x-rays,  coherent  pumping  represents  another  nuclear  analog 
to  a  familiar  laser  process,  upconversion. 

To  find  the  resonant  levels  needed  to  mount  the  upconversion 
process  at  the  nuclear  level  requires  the  conduct  of  spectroscopic 
measurements  of  nuclear  energies  with  an  optical  level  of  precision  and 
tuning  range.  Such  measurements  have  not  been  made  before,  and  it 
seemed  reasonable  to  consider  that  if  the  problem  is  analogous  to  one  on 
the  optical  scale;  then  perhaps  so  is  the  solution.  Both  this  and  the 
next  chapter  report  advances  in  the  technology  with  which  nuclear 
analogs  of  high  resolution  optical  spectroscopy  can  be  pursued. 

As  early  as  1960  it  had  been  noted  that  radiofrequency  (Rf)  side¬ 
bands  to  the  hyperfine  structure  of  57Fe  could  be  observed  with  a 
Mdssbauer  spectrometer.73  t  The  six  lines  (Parent  Transitions)  in  a 
normal  absorption  spectrum  of  57Fe  in  iron  (Fig.  58a)  are  accompanied  by 
additional  absorption  peaks  (Rf  sidebands)  when  the  absorber  is  subject¬ 
ed  to  an  Rf  field  (Fig.  58b).  In  1960  Ruby  and  Bolef  reported  the 
observation  of  Rf  sidebands  in  iron  produced  by  mounting  a  57Co 
Mdssbauer  gamma  ray  source  on  an  ultrasonic  transducer  driven  at  MHz 
frequencies.73  It  should  be  noted  that  the  Rf  transducer  was  used  in 
addition  to  a  long  period  oscillator  which  provided  the  energy  range  for 
the  Mdssbauer  spectrum  by  introducing  controlled  Doppler  shifts.  In 
1968  Perlow  reported  the  generation  of  Rf  sidebands  in  iron  directly,  by 
subjecting  the  gamma- ray  source  to  Rf  field  without  the  involvement  of 
any  external  ultrasonic  source.74  In  that  same  year  Heiman,  Pfeiffer 
and  Walker  reported  observing  Rf  sidebands  in  iron  as  a  result  of 
subjecting  the  iron  foil  absorber  to  an  Rf  field.75  Finally,  in  1976 


Chien  and  Walker  presented  a  method  for  producing  Rf  sidebands  In  a 
nonferromagnetic  stainless  steel  absorber  with  an  Rf  field,  by  using 
nickel  as  a  ferromagnetic  non-absorbing  driver.76  In  all  cases,  the  Rf 
sidebands  appeared  at  integral  multiples  of  the  frequency  of  the  applied 
Rf  (Fig.  59).  Figure  59  shows  Rf  sidebands  produced  in  a  stainless- 
steel  foil  driven  by  a  nickel  foil  immersed  in  Rf  fields  of  different 
frequencies.  The  frequency  dependence  of  these  Rf  sidebands  can  be 
utilized  to  make  a  high  resolution  adaptation  of  Mdssbauer  spectroscopy 
which  is  freed  from  many  of  the  mechanical  constraints  tending  to  limit 
conventional  devices . 

In  1967,  Bolef  and  Mishory  reported  the  development  of  a  spectrome¬ 
ter  which  was  based  upon  Rf  sidebands  induced  in  a  Mdssbauer  source  with 
an  Rf  electromechanical  transducer  (an  X-cut  quartz  crystal).77  As  the 
frequency  of  the  applied  Rf  was  changed,  the  energies  of  the  sideband 
gamma  ray  emissions  changed.  This  phenomenon  enabled  Bolef  and  Mishory 
to  obtain  an  absorption  spectrum  as  a  function  of  the  frequency  of  the 
applied  rf.  In  1985  DePaolo,  Wagal  and  Collins  reported  success  in 
developing  a  spectroscopic  technique  using  Rf  sidebands  induced  in  a 
ferromagnetic  absorber  by  an  Rf  field.78  Modulating  the  absorber  has 
numerous  advantages  over  modulating  the  source.  It  is  easier  and  safer 
to  work  with  a  stable  isotope,  and  it  is  also  easier  to  interpret  a 
spectrum  from  a  single  line  source,  as  opposed  to  a  Zeeman  split  source 
or  a  source  with  Rf  sidebands.  Therefore,  we  have  improved  the  tech¬ 
nique  for  a  modulated  gamma- ray  absorption  cross  section  spectroscopy 
which  we  call  Nuclear  Frequency  Modulation  Spectroscopy  (NFMS). 

The  technique  reported  by  DePaolo,  Wagal  and  Collins  was  slow  and 
laborious,  with  data  collection  times  on  the  order  of  months  for  tens  of 
data  points.  We  can  now  report79  the  automation  of  this  technique,  with 
resulting  data  collection  times  of  two  days  for  1024  data  points  and  a 
signal  to  noise  ratio  of  8:1  for  a  signal  that  represents  a  relative 
absorption  of  3%.  This  chapter  describes  the  NFMS  apparatus,  describes 
the  interface  to  an  Apple  computer  which  automates  NFMS  data  collection, 
and  presents  some  typical  NFMS  data. 
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Spectrometer  Design 


The  NFMS  is  a  modification  of  a  conventional  Mdssbauer  spectrometer 
comprised  of  the  equipment  in  the  dotted  box  in  the  schematic  of  Fig. 
60.  A  Kr  gas  filled  proportional  counter  (ASA  PC-KR-1)  biased  with  1.8 
kV  from  a  Bertran  Associates  model  303  DC  voltage  supply  was  used  as  our 
gamma-ray  detector.  The  signal  from  the  detector  was  amplified  by  an 
ASA  CSP-400A  preamp  and  ASA  LA-200  amplifier.  The  amplified  signal  was 
then  fed  into  an  ASA  LG -200  linear  gate  which  produced  1  ixsec  TTL  pulses 
for  counting. 


A  10  mCi  57Co  Mdssbauer  source  in  a  Pd  matrix  was  mounted  on  an  ASA 
K-4  linear  motor  capable  of  operating  at  a  constant  velocity  or  with 
constant  acceleration.  A  stable  means  of  doppler  shifting  the  energy  of 
the  emitted  gamma  ray  is  needed,  therefore  an  ASA  S-700  motor  controller 
is  used  to  produce  the  voltage  waveforms  which  drive  the  linear  motor. 
The  constant  acceleration  voltage  waveform  is  derived  from  a  5  Hz  square 
wave  which  must  be  provided  by  the  multi-channel  scalar  (MCS) .  If  the 
motor  is  driven  at  a  constant  velocity,  then  the  motor  controller  gates 
off  data  to  the  MCS  while  the  motor  is  rewinding. 


The  key  to  NFMS  is  the  presence  of  the  Rf  field  at  the  absorber, 
for  which  a  very  stable  Rf  signal  generator  and  amplifier  are  needed.  A 
Wavetek  3510  signal  generator,  with  a  frequency  range  of  1  MHz  to  1GHz, 
and  a  100  Hz  resolution  with  a  500  Hz/(10  min)  stability,  was  used.  The 
Rf  amplifier  was  an  ENI  550L  50  watt  linear  amplifier  with  a  range  of 
1.5-400  MHz.  There  were  two  basic  circuits  used  to  generate  the  Rf 
field  at  the  absorber.  One  was  a  series  LC  circuit  in  parallel  with  an 
impedance  matching  capacitor  (Fig.  60).  This  series -resonant  tank 
circuit  was  designed  to  have  either  a  low  Q  when  used  in  a  narrowband 
NFMS ,  or  a  high  Q  when  used  to  obtain  a  Mdssbauer  spectrum  in  the 
presence  of  a  single  frequency  Rf  field.  It  should  be  noted  that 
narrowband  in  these  instances  refers  to  a  12  Mhz  or  less  bandwidth.  The 
other  circuit,  used  in  the  wideband  NFMS,  simply  incorporated  an 
inductor  in  series  with  an  impedance  matching  non-inductive  load.  The 
absorber  was  then  mounted  in  the  induction  coil  of  the  appropriate 
circuit  and  subjected  to  field  intensities  on  the  order  of  1-5  Oersteds. 
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In  order  to  monitor  the  field  intensity  in  the  coil,  a  Pearson  2877 
current  transformer  was  used  to  measure  the  current  flowing  into  the 
induction  coil.  This  transformer  outputs  1  V/Amp  with  a  usable  range  of 
300  Hz  to  200  MHz  and  an  insertion  impedance  of  0.02  Ohms.  In  order  to 
monitor  the  velocity  of  the  motor,  there  is  a  pickup  coil  mounted  in  the 
linear  motor.  The  output  from  this  pickup  is  used  to  stabilize  the 
driving  voltage  waveform,  but  it  can  also  be  monitored  on  an  oscillo¬ 
scope.  The  velocity  of  the  motor  was  established  by  correlating  the 
pickup  coil  voltages  to  the  positions  of  the  peaks  in  the  6  line 
spectrum  of  57Fe.  Currently  work  is  underway  building  an  interface  to 
an  Apple  11+  from  an  ASA  LC-9A  laser  interferometer.  This  interface 
will  enable  the  computer  to  display  real  time  velocity  information  as 
well  as  track  any  drifting. 

The  heart  of  the  NFMS ,  however,  is  the  MCS/GPIB  interface  (Fig. 
61)  .  It  enables  an  Apple  11+  computer  to  be  used  for  data  acquisition 
and  real  time  data  display  with  either  the  conventional  Mossbauer 
spectrometer  (constant  acceleration  mode),  or  with  the  NFMS  (constant 
velocity  mode  with  GPIB  interface  to  signal  generator)  .  The  MCS  is  a 
card  designed  around  two  VIA's,  or  Versatile  Interface  Adapters 
(6522's).  The  GPIB,  or  IEEE-488  General  Purpose  Interface  Bus  (9914), 
is  a  commercially  available  interface  card  available  for  the  Apple 
computer.  The  GPIB  is  necessary  only  for  scanning  frequencies  of  the 
signal  generator.  Therefore,  the  GPIB  Is  not  needed  if  one  intends  to 
use  only  the  Mossbauer  spectrometer. 

The  central  components  of  the  MCS  are  the  two  6522's,  the  multi¬ 
plexing  logic,  and  a  12 -bit  counter.  Each  6522  is  a  40  pin  chip  which 
has  a  16-bit  counter  with  a  16-bit  latch,  a  16-bit  counter  with  an  8-bit 
latch,  two  8 -bit  parallel  ports,  and  a  serial  port.  The  counter  with 
the  full  latch  can  be  set  to  count  down  in  a  free  running  mode  and 
generate  interrupts.  In  other  words,  the  6522  can  be  set  to  generate 
evenly  spaced  interrupts  so  that  the  Apple's  CPU  need  not  be  wasted 
keeping  track  of  time.  The  counter  with  the  half  latch  can  be  set  to 
count  negative  logic  pulses  at  one  of  the  pins  of  the  6522.  The 
multiplexing  logic  Is  an  assortment  of  gates  which  channel  the  pulses  to 
be  counted  to  one  of  the  6522's  while  channeling  the  Apple's  data  bus  to 
the  other  6522.  When  an  interrupt  is  generated,  the  pulses  to  be 
counted  are  gated  to  the  other  6522  while  the  Apple's  data  bus  is  then 
channeled  to  the  first  6522.  As  a  result,  the  time  it  takes  the  Apple's 
CPU  to  add  a  count  to  the  proper  channel  is  not  dead  time  for  the  MCS. 


The  twelve  bit  counter,  actually  three  4-bit  counters,  is  needed  to 
count  512  interrupts.  This  counting  produces  the  5  Hz  square  wave  which 
is  used  by  the  motor  controller  to  generate  a  constant  acceleration 
voltage  waveform  for  the  linear  motor.  Therefore,  the  time  between 
interrupts,  hence  the  dwell  time  per  channel,  must  be  195  y sec  for  a 
1024  data  point  Mdssbauer  spectrum.  The  NFMS ,  on  the  other  hand,  does 
not  require  an  accelerating  source.  Therefore,  when  using  the  MCS  in  an 
NFMS  the  dwell  time  can  be  user  selected.  The  optimum  dwell  time 
minimizes  the  total  dead  time ,  which  arises  from  the  time  needed  to 
allow  the  Rf  signal  to  stabilize  each  time  the  frequency  is  changed, 
without  compromising  the  stability  of  the  signal. 

Use  of  this  hardware  as  an  NFMS  or  a  Mdssbauer  spectrometer  is 
determined  by  the  software.  Written  in  6502  assembly  language,  the 
software  for  the  two  spectrometers  is  similar  in  principle  but  different 
in  particulars.  In  both  spectrometers  the  MCS  transfers  data  to  the 
Apple  on  an  interrupt  basis.  Both  programs  consist  of  four  basic 
routines:  an  initialization  routine,  a  display  routine,  a  keyboard 
interpreting  routine,  and  an  interrupt  routine.  The  initialization 
routine  uses  the  multiplexing  logic  on  the  MCS  card  to  address  each  of 
the  6522 's  and  set  the  appropriate  registers.  The  display  routine  has 
two  options.  The  data  can  be  displayed  graphically  at  different 
resolutions,  or  counts  can  be  displayed  as  counts  per  channel  and  total 
counts  per  sweep.  The  graphics  data  display  uses  table  look  up  and  two 
graphics  screens  to  provide  a  real  time  data  display.  The  initializa¬ 
tion  routine  generates  a  table  in  memory  which  stores  the  address  for  a 
given  vertical  coordinate  on  the  screen  in  a  memory  location  which  is 
correlated  to  the  value  of  the  vertical  coordinate.  The  value  of  the 
horizontal  coordinate  is  correlated  to  the  memory  address  of  the  channel 
to  be  displayed.  As  the  display  routine  scans  through  memory  at  the 
data,  the  data  value  and  the  channel  value  are  used  to  address  indirect¬ 
ly  the  appropriate  graphics  screen  coordinate  through  this  table . 
Therefore,  by  using  table  lookup,  all  of  the  mathematical  operations 
necessary  to  obtain  the  appropriate  screen  addresses  (including  a 
division  by  seven)  are  performed  only  once.  While  one  graphics  screen 
is  displayed,  the  other  is  cleared  and  plotted  with  the  current  data. 
The  updated  screen  is  then  activated  and  the  first  screen  is  cleared  and 
replotted,  and  so  on.  The  keyboard  interpreting  routine  allows  one  to 
change  the  display,  change  the  resolution  of  the  graphics  display,  or 
stop  the  spectrometer  and  store  the  data  on  a  disk,  all  with  single  key 
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Figure  61:  This  block  diagram  shows  Che  basic  components  of  che 

interface  to  Che  Apple  11+  computer.  This  interface  enables  the 
computer  to  be  used  for  automatic  NFMS  data  acquisition ,  or  it  can 
enable  one  computer,  with  two  cards,  to  control  and  collect  data  from  up 
to  two  Hdssbauer  spectrometers . 


WM 


codes .  A  table  of  these  key  codes  is  displayed  at  the  bottom  of  the 
counts  display,  screen,  the  default  display.  Finally,  the  interrupt 
routine  collects  the  count  from  the  currently  accessible  6522  and  stores 
it  in  the  appropriate  three  byte  location.  The  display  and  keyboard 
routines  for  the  two  spectrometers  are  identical,  but  the  initialization 
and  interrupt  routines  for  the  two  spectrometers  are  necessarily  very 
different. 

In  the  Mdssbauer  spectrometer,  the  initialization  routine  must 
enable  the  MCS  card  to  generate  interrupts  at  195  /xse c  intervals.  Next, 
the  interrupt  routine  must  be  capable  of  pushing  all  values  in  the  CPU's 
registers  to  the  stack,  accessing  the  count  from  the  appropriate  6522 
and  adding  it  to  the  appropriate  memory  locations ,  and  then  reloading 
the  CPU's  registers  with  their  initial  values,  all  in  less  than  195 
jisec,  with  enough  time  left  over  to  update  the  display  between  inter¬ 
rupts.  This  feat  was  best  accomplished  by  using  four  separate  interrupt 
routines.  Since  the  spectrometer  has  1024  channels,  the  data  is  stored 
in  twelve  256 -byte  pages  for  three  bytes  per  channel.  Each  interrupt 
routine  addresses  a  channel  comprising  three  bytes  through  the  sum  of 
base  addresses  plus  a  counter  value.  Upon  completion,  each  routine 
stores  the  address  of  the  next  interrupt  routine  in  the  interrupt 
vector.  The  fourth  routine  stores  the  address  for  the  first  routine  in 
the  interrupt  vector  and  increments  the  addressing  counter.  The  result 
is  an  interrupt  routine  that  lasts  50-60  /isec  from  interrupt  to  return, 
depending  on  the  number  of  bytes  which  must  be  incremented.  As  a 
result,  one  Apple  11+  computer  can  easily  handle  two  Mdssbauer  spectrom¬ 
eters  with  a  real  time  data  display  for  each. 

• 

In  the  NFMS ,  the  initialization  routine  enables  the  MCS  card  to 
generate  interrupts  at  1/20  of  a  second  intervals.  This  routine  also 
initializes  the  signal  generator  through  the  GPIB.  The  interrupt 
routine  must  then  translate  the  number  of  interrupts  generated  into  an 
elapsed  time  and  compare  this  time  to  the  selected  dwell  time.  In 
addition,  this  interrupt  routine  must  perform  all  of  the  functions  of 
the  Mdssbauer  spectrometer  interrupt  routine.  After  the  elapsed  dwell 
time,  the  interrupt  routine  must  step  the  frequency  of  the  signal 
generator  and  change  the  address  (channel)  for  data  storage.  When  the 
frequency  of  the  signal  generator  is  changed,  and  for  a  time  thereafter, 
the  data  to  the  MCS  must  be  gated  off  and  the  timing  stopped  until  the 
signal  is  stabilized.  In  the  NFMS  the  speed  of  the  interrupt  routine  is 
no  longer  a  major  concern  due  to  the  significant  increase  in  the  time 
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between  interrupts  and  the  fact  that  the  data  is  gated  off  while  the 
interrupt  routine  is  delaying  for  the  signal  generator.  Unfortunately, 
however,  the  time  required  to  change  the  frequency  is  unavoidable  dead 
time.  Yet  the  total  dead  time  in  a  run  can  be  minimized  by  selecting  a 
sufficiently  long  dwell  time  which  does  not  allow  the  signal  to  drift 
significantly. 

Data  and  Discussion 


Figures  58  and  59  show  data  collected  with  our  Mossbauer  spectrome¬ 
ter  and  processed  with  a  5  point  running  average.  These  figures  show  Rf 
sidebands  in  an  iron  foil  absorber,  and  the  frequency  dependence  of  the 
Rf  sideband  energies  in  a  stainless  steel  foil  absorber.  All  NFMS 
spectra  to  be  shown  were  obtained  from  a  1.5  cm  x  0.85  cm  x  2.5  pm  iron 
foil  absorber  enriched  with  95%  57Fe.  This  foil  is  the  same  absorber 
which  gave  us  the  spectra  in  Fig.  58.  All  spectra  shown  were  obtained 
from  an  absorption  geometry,  using  a  57Co  source  in  a  Pd  matrix.  All 
NFMS  spectra  have  been  processed  with  a  five  point  running  average. 

The  first  set  of  NFMS  data  concentrates  on  the  first  order  side¬ 
bands  from  the  1  and  6  parent  transitions  (Fig.  62).  The  nomenclature 
for  identifying  the  Rf  sidebands  is  as  follows.  The  first  digit 
corresponds  to  the  order  of  the  sideband.  Rf  sidebands  of  the  j '  th 
order  from  a  given  parent  transition  are  found  at  the  sum  and  difference 
frequencies  of  the  static  field,  or  Zeeman  splitting,  and  j  times  the 
frequency  of  the  applied  Rf  field.  The  letter  after  the  first  digit, 
either  an  "n"  or  a  "p",  indicates  whether  the  sideband  is  a  negative  or 
positive  sideband  respectively.  A  negative  sideband  appears  at  an 
energy  lower  than  the  energy  of  the  parent  transition,  while  a  positive 
sideband  is  at  a  higher  energy.  The  last  digit  identifies  the  parent 
transition  of  the  sideband.  There  are  six  allowed  transitions  for  57Fe 
in  a  metallic  iron  foil,  of  which  the  lowest  energy  transition  is 
identified  as  parent  transition  one  and  the  highest  energy  transition  is 
identified  as  six.  The  energy  difference  between  parent  transitions  one 
and  six  is  123  MHz,  therefore,  at  61.5  MHz  the  ln6  and  Ipl  sidebands 
should  overlap  at  the  transition  center  of  the  spectrum.  If  the  gamma 
ray  source  is  stationary,  then  the  energy  of  the  gamma  rays  emitted 
differ  from  the  energy  of  the  transition  center  of  the  absorber  by  the 
isomer  shift.  Therefore,  a  stationary  source  should  provide  an  NFM 
spectrum  of  the  ln6  and  lpl  sidebands  displaced  from  61.5  MHz  by  plus 


and  minus  the  isomer  shift  respectively  (Fig.  62a).  The  source  used  was 
in  a  Pd  lattice,  which  has  an  isomer  shift  of  -0.185  mm/sec  relative  to 
metallic  iron.  If  the  source  is  then  given  a  constant  velocity,  the  ln6 
and  lpl  sidebands  should  be  displaced  from  61.5  MHz  by  plus  and  minus 
(isomer  shift  -  velocity)  respectively  (Fig.  62b-g).  The  sign  conven¬ 
tion  is  to  define  a  velocity  as  negative  when  the  source  and  absorber 
are  moving  away  from  each  other.  Note  that  the  Rf  sideband  ln5,  which 
appears  in  Fig.  62,  should  be  separated  from  ln6  by  25.9  MHz,  the 
excited  state  splitting  frequency  in  metallic  iron. 

The  second  set  of  NFM  spectra  (Fig.  63a-c)  were  obtained  at  a  lower 
frequency  range.  Higher  order  sidebands  add  together  at  these  lower 
frequencies  and  present  significant  cross  sections.  These  particular 
spectra  are  comprised  of  24  different  sidebands,  if  one  takes  into 
account  sidebands  out  to  the  fifth  order.  Following  the  spectra  are 
computer  generated  simulations  (Fig.  64a-c).  The  model,  a  simple 
algorithm,  shows  remarkable  agreement  with  the  data.  The  frequency  at 
which  a  sideband  will  appear  is 

Fj ,ord(MHz)  -  [vel- (Pj+iso) ]*K/ord  ,  (53) 

where  Pj  is  the  position  of  the  j'th  parent  transition  in  mm/sec,  vel  is 
the  velocity  of  the  source  in  mm/sec,  iso  is  the  isomeric  shift  between 
the  source  and  absorber,  ord  is  the  order  of  the  sideband,  and  K  is  a 
conversion  factor  —  11.6  MHz/(mm/sec)  for  the  14.4  keV  gamma  ray  being 
detected.  The  linewidth  of  the  sideband  in  the  NFM  spectrum  is 

^j’ord  “  (I^pj+fg) /otd  ,  (54) 

where  Tpj  is  the  linewidth  of  the  sideband's  parent  transition  and  Tg  is 
the  linewidth  of  the  14.4  keV  gamma  ray  emitted  by  the  source.  The 
apparent  linewidth' s  dependence  on  sideband  order  can  be  understood  by 
realizing  that  an  n'th  order  sideband  will  be  displaced  by  n  frequency 
units  while  a  first  order  sideband  is  displaced  by  one  frequency  unit. 
Since  we  were  concerned  only  with  the  relative  amplitudes  of  a  sideband 
within  a  given  NFM  spectrum  the  amplitude  of  a  sideband  in  a  spectrum 
was  assumed  to  be 
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showing  first  order  sidebands  from  the 
isitions  of  57Fe  in  iron,  ln6  and  lpl 
of  the  transition  center  of  this  Zeeman 
:he  sideband  label  indicates  that  the 
ian  its  parent  transition ,  whereas  a  "p" 
at  a  higher  energy.  As  the  velocity  of 
the  energy  of  the  probing  radiation  is 
sideband  from  the  lower  energy  transi- 
luencies.  The  sidebands  from  the  higher 
,  appear  separated  by  the  excited  state . 


Figure  63:  NFHS  data  obtained  at  lower  frequencies  has  an  appearance 
which  belies  the  underlying  complexity  of  the  spectra.  Sidebands  add 
together  to  produce  composite  sidebands  which  have  amplitudes ,  widths, 
and  lineshapes  with  a  high  degree  of  dependence  upon  the  energy  of  the 
probing  radition .  As  a  result,  a  small  change  in  the  source  velocity 
can  lead  to  a  significant  change  in  the  appearance  of  a  spectrum. 


vel  -  -0.7  nw/sec 


where  Apj  is  the  amplitude  of  the  sideband's  parent  transition.  By 
using  this  equation  we  have  assumed  that  our  spectra  were  not  exhibiting 
the  saturation  effects  discussed  in  Ref.  78.  This  assumption  was  a 
convenient  mechanism  for  introducing  a  sideband  amplitude  dependence  on 
the  relative  amplitudes  of  the  parents.  For  the  iron  foil  used,  the 
relative  amplitudes  of  the  parents  were  taken  as  2:2:1:1:2:2  (Fig.  58a). 
The  NFMS  is  a  tool  for  directly  measuring  Rf  sideband  position,  width, 
and  amplitude.  This  model  shows  that  the  NFMS  is  a  powerful  means  of 
indirectly  measuring  isomeric  shifts  and  the  positions  and  relative 
amplitudes  of  the  parent  transitions. 

The  NFMS  apparatus  is  versatile.  This  apparatus  is  a  conventional 
Mdssbauer  spectrometer  with  or  without  an  Rf  field,  as  well  as  an  Rf 
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COMMENT  ON  MOSSBAUER  SIDEBANDS  FROM  A  SINGLE  PARENT  LINE 

Foils  composed  of  alternating  layers  of  ferromagnetic  and  nonmag¬ 
netic  materials  immersed  in  magnetic  fields  oscillating  at  radiofrequen¬ 
cies  display  sidebands  on  Mossbauer  transitions  from  the  nuclei  con¬ 
tained  in  the  nonmagnetic  regions.  Attributed  by  Chien  and  Walker76 
[Phys.  Rev.  B13 .  1876  (1976)]  to  the  transfer  into  the  nonmagnetic  layer 
of  acoustic  phonons  excited  by  magnetostriction  in  the  ferromagnetic 
layers,  this  accepted  cause  of  such  effects  is  challenged  by  new  data 
resulting  from  a  reexamination  and  extension  of  that  classic  experiment. 

The  paper  of  Chien  and  Walker76  was  of  such  critical  importance 
that  it  warrants  comment  over  a  decade  later.  Generally  perceived  as 
reporting  an  unarguable  proof  of  a  certain  basic  proposition,  it  has  now 
been  found  to  have  rested  upon  a  demonstrably  false  assumption.  A 
reexamination  of  the  original  experiment  shows  it  to  have  been  so  flawed 
that  any  conclusions  drawn  from  it  must  now  be  considered  unproven. 

The  point  of  inception  had  been  the  original  proposal  of  Mitin80*81 
that  Mossbauer  transitions  could  be  excited  as  part  of  a  multiphoton 
process  in  nuclei  immersed  in  intense  radiofrequency  (rf)  fields.  In 
those  cases  the  Mossbauer  spectrum  was  expected  to  show  additional  sum 
and  difference  frequency  lines  displaced  from  the  normal  lines  by 
integral  multiples  of  the  perturbing  frequency.  In  appearance  such 
multiphoton  spectra  are  expected  to  resemble  the  transmission  spectra 
which  Ruby  and  Bolef73  obtained  by  imposing  periodic  Doppler  shifts  of 
purely  mechanical  origin  upon  the  Mossbauer  source.  This  unfortunate 
similarity  in  appearance  between  phenomena  arising  from  such  different 
origins  provided  the  basis  for  years  of  critical  controversy  seemingly 
resolved  by  the  work  of  Chien  and  Walker.76  The  purpose  of  this  comment 
is  to  report  new  data  from  a  repetition  and  extension  of  the  Chien  and 
Walker  experiment  that  shows  their  conclusions  to  be  unjustified. 
Without  the  force  of  conviction  conveyed  by  their  work,  the  controversy 
must  be  reopened  to  further  investigation. 

The  earliest  experiment  in  radiofrequency  sideband  production, 
reported  by  Perlow74  in  1968,  focused  upon  the  components  of  the  14.4 
keV  transition  in  57Fe.  Several  57Co  sources  diffused  into  ferromagnetic 
hosts  were  immersed  into  intense  magnetic  fields  oscillating  at  radiof¬ 
requencies.  Those  results  were  explained74  as  the  magnetodynamic 
modulation  of  the  hyperfine  fields  and  generally  conformed  to  the  Mitin 
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hypothesis  for  multiphoton  transitions.  Two  of  the  three  groups  who 
initially  documented  this  phenomena  favored  the  magnetodynamic  explana¬ 
tion  which  required  no  mechanical  action7**®2*®  while  the  other  group 
began  to  develop  an  alternative  based  entirely  upon  magnetostric¬ 
tion.75*8*  Most  of  the  actual  experiments  had  used  ferromagnetic  hosts 
to  enhance  the  applied  magnetic  fields ,  and  such  materials  are  almost 
invariably  magnetostrictive .  In  the  model  finally  synthesized,  periodic 
Doppler  shifts  were  assumed  to  be  driven  by  acoustic  phonons  which  were 
excited  by  magnetostriction  along  the  greatest  dimensions  of  the 
material  and  scattered  onto  the  axis  connecting  source  and  absorber.  To 
be  effective,  this  mechanism  required  the  sample  to  have  a  large 
acoustic  Q  so  that  displacements  of  the  active  nuclei  could  build  to 
significant  values. 


Despite  the  accretion  over  the  years  of  a  large  body  of  phenomenol¬ 
ogy  presumed  to  describe  rf  sidebands  on  Mdssbauer  transitions,  the 
magnetostrictive-acoustic  theory  never  quantitatively  predicted  the 
amplitudes  of  the  sidebands  as  functions  of  either  applied  power  or 
frequency.  However,  the  magnetodynamic  models  of  that  time  fared  no 
better,  and  attention  turned  to  "proving"  a  magnetostrictive  origin  by 
distressing  the  alternative  explanations.85  The  obvious  difficulty  with 
proving  a  theory  by  distressing  the  alternatives  is  that  those  other 
explanations  may  not  have  reached  comparable  levels  of  maturation.  The 
magnetodynamic  models  of  the  late  60 's  were  relatively  easy  to  de¬ 
stroy.85  However,  the  recent  successes  of  ferromagnetodynamics86*87  show 
the  early  models7*  of  sideband  formation  to  have  been  inspired,  but 
inadequate  approximations.  These  models  simply  did  not  embody  the  level 
of  sophistication  necessary  to  describe  the  complex  switching  behavior 
of  magnetization  in  ferromagnetic  foils  subjected  to  various  combina¬ 
tions  of  static  and  oscillating  fields  in  those  geometries  employed. 


More  recent  experiments88*89  have  shown  that  the  applications  of 
such  oscillating  magnetic  fields  to  Mossbauer  nuclei  embedded  in 
nonmagnetic  hosts  do  produce  radiofrequency  sidebands  by  directly 
modulating  the  phases  of  the  nuclear  states  involved  in  the  transitions. 
However,  amplitudes  were  rather  small  in  those  experiments  because  the 
driving  forces  depended  only  upon  the  value  of  applied  field,  /i0H.  In 
1984,  we  extended  such  approaches  further  by  deriving  the  phase  modula¬ 
tion  of  a  nuclear  state  in  a  magnetic  material.90  In  this  case  driving 
forces  were  proportional  to  the  magnetization  p^M  and  effects  were  found 
to  be  large.78*90*91  It  appears  that  many  prior  results  attributed 
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exclusively  to  acoustic  effects  driven  by  magnetostriction  could  have 
also  benefited  from  an  unrecognized  contribution  from  direct  phase 
modulations  of  the  nuclear  states  involved. 

From  a  current  perspective  it  is  the  experiment  reported  by  Chien 
and  Walker76  that  forms  the  bulwark  of  the  magnetostrictive-acoustic 
explanation  of  Mossbauer  sidebands.  In  that  experiment  an  absorbing 
foil  composed  of  ferromagnetic  and  nonmagnetic  layers  was  used  to  study 
transport  of  the  causitive  agent  from  the  ferromagnetic  layer  into  the 
nonmagnetic  region  where  the  sidebands  were  produced  upon  MSssbauer 
transitions  of  embedded  57Fe  nuclei.  Very  clear  evidence  showed  that 
the  cause  did  arise  in  the  ferromagnetic  Ni  layers,  producing  sidebands 
in  the  nonmagnetic  stainless  steel  layers.  The  most  ready  explanation 
at  that  time  was  a  transport  of  phonons  from  one  layer  to  the  next  with 
a  high  acoustic  Q.  Those  experiments  were  repeated  in  the  work  reported 
here,  but  with  extensions  which  contradict  the  classic  interpretation  of 
Chien  and  Walker.76 

Although  not  unique  for  all  sidebands  in  a  spectrum, 76  the  idea  of 
a  modulation  index  m  as  a  measure  of  the  strength  of  the  development  of 
the  sidebands  offers  practical  convenience  for  descriptions.  For  a 
magnetostrictive  origin,76 

m  -  x0/*  ,  (56) 

where  x0  is  the  amplitude  of  the  periodic  displacement  of  the  nuclei  and 
0.137  A  for  the  14.4  keV  line  of  57Fe .  In  the  corresponding  magneto¬ 
dynamic  model,90 

m  -  bH  ,  (57) 

where  H  is  the  applied  magnetic  field  and  b  provides  proportionality 
between  Mj,  the  saturation  magnization  of  the  medium,  and  H.  For 
relatively  small  m,  -the  ratio  of  the  magnitude  of  the  first  order 
sidebands  to  the  intensity  in  the  original  parent  line  is  proportional 
to  m2,  which  in  turn  is  proportional  to  P,  the  applied  radiofrequency 
power. 

One  of  the  most  compelling  results  presented  by  Chien  and  Walker76 
was  a  demonstration  supposed  to  show  the  enhancement  of  m2  afforded  by 
tighter  acoustic  coupling  of  the  layers.  They  found  that  electroplating 
Ni  upon  a  stainless  steel  foil  produced  much  higher  values  of  m2  in 


165 


N00014-86-C-2488 
UTD  #24522-964 


absorption  experiments  than  could  be  obtained  by  gluing  a  Ni  foil  to  the 
stainless  foil.  They  attributed  the  difference  to  the  obviously  poorer 
acoustic  properties  of  the  glue.  However,  as  part  of  this  report  we 
observe  that  their  stainless  steel  foil  was  electroplated  on  both  sides 
with  Ni  while  the  epoxied  bond  was  used  to  join  a  single  Ni  foil  to  one 
side  of  the  stainless  absorber.  While  the  m  defined  by  Eq.  (56)  for  a 
single  foil  could  not  be  additive  if  produced  in  different  magnetostric- 
tive  layers,  in  principle  the  Mg  upon  which  m  depends  in  Eq.  (57)  could 
add  coherently.  Two  sources  of  m  arising  from  distinctly  separate 
sources  could  give  a  resulting  modulation  of  4m2  in  a  magnetodynamic 
model.  Chien  and  Walker  failed  to  recognize76  that  even  in  the  magnos- 
trictive  model  two  sources  of  m  generated  in  the  two  electroplated 
layers  should  give  a  modulation  index  of  2m2  in  the  absorber  foil. 
Instead,  they  attributed  the  increased  sideband  intensity  developed  by 
the  two  plated  sources  in  comparison  to  the  one  glued  source  only  to  the 
advantage  they  assumed  for  a  plated  contact  over  a  glued  interface . 
They  reported  no  comparison  of  the  effects  of  gluing  or  plating  the  same 
number  of  ferromagnetic  layers  to  the  absorber  foil.  Reported  here  is  a 
repetition  of  the  Chien  and  Walker  experiment  which  showed  that  the 
effect  of  two  foils  varied  from  two  to  four  times  that  produced  by  a 
single  foil  joined  in  the  same  fashion,  depending  upon  the  static 
magnetic  bias  applied. 


In  our  experiment  the  absorber  was  a  2.5  urn  paramagnetic  stainless 
steel  (SS)  foil  with  90.6%  enrichment  of  57Fe .  For  the  nonabsorbing 
ferromagnetic  drivers,  2.5  pm  Ni  foils  were  used,  all  of  which  were  cut 
from  a  single  sheet  of  polycrystalline  Ni.  The  stainless-steel  absorber 
was  sandwiched  between  two  Ni  foils  and  held  in  rigid  contact  by 
mounting  the  foils  between  glass  cover  slides  of  100  pm  thickness.  A 
conventional  Mossbauer  spectrometer,  modified  for  rf  experiments,  Fig. 
65,  utilized  a  25  mCi  source  in  a  Rh  matrix  to  obtain  the  57Fe  absorp¬ 
tion  spectra.  The  14.4  keV  gamma  rays  were  detected  with  a  Kr  gas 
filled  proportional  counter  biased  with  1.8  kV. 


A  25  MHz  rf  magnetic  field  was  applied  by  mounting  the  foils  in  the 
cylindrical  induction  coil  of  an  L-C  tank  circuit.  In  obtaining  data 
for  a  direct  comparison  between  the  effect  of  one  Ni  driver  versus  two, 
the  product  of  the  applied  rf  power  P  and  the  electrical  Q  of  the 
circuit  containing  the  rf  induction  coil  was  maintained  at  constant 
values.  Elementary  analysis  shows  that  if  PQ  is  constant  the  rf  current 
In  the  coil  of  such  a  circuit  is  also  constant  and  hence  the  two 
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absorber  arrangements  are  subjected  to  applied  fields  of  the  same 
intensity  H.  The  results  of  the  first  experiment  verified  the  linearity 
of  the  first  order  sideband  amplitudes  at  25  MHz  for  SS  with  two  Ni 
drivers  with  PQ  products  of  75,  150,  and  300  W  Fig.  66.  The  spectra  are 
scaled  so  that  the  intensity  of  the  central  Mossbauer  absorption  peak  of 
57Fe  in  SS  is  held  constant  in  order  to  make  direct  comparisons  of  the 
sideband  amplitudes. 
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Linearity  of  First  Order  Sidebands 
as  a  Function  of  Rf  Power 


k  i*  m: 


%  Transmission 


N00014-86-C-248S 
UTD  #24522-964 


Having  established  the  linearity  of  the  first  order  sidebands  in 
the  Ni-SS-Ni  sandwich,  one  of  the  Ni  drivers  was  removed  and  the 
experiment  was  repeated  with  the  same  PQ  products  as  before.  Figure  67 
shows  a  comparison  of  the  sideband  amplitude  for  two  Ni  drivers  versus 
one;  in  this  configuration  two  Ni  drivers  give  twice  the  effect  of  one 
driver  foil. 

In  the  next  experiment  a  comparison  between  the  effect  of  one 
source  of  excitation  with  that  from  two  sources  when  both  were  biased 
with  a  static  magnetic  field.  Rare  earth  magnets  were  placed  about  the 
induction  coil  such  that  the  static  magnetic  field  was  mutually  orthogo¬ 
nal  to  the  rf  magnetic  field  and  the  direction  of  gamma-ray  propagation. 

The  linearity  of  the  sideband  amplitudes  at  25  MHz  as  a  function  of 
PQ  was  again  established  (Fig.  68)  to  insure  that  the  introduction  of 
the  static  magnetic  field  did  not  introduce  any  nonlinearities  to  the 
system.  The  scale  thus  established  was  used  to  measure  the  decrease  in 
the  sideband  amplitude  when  one  of  the  sources  of  excitation  was  removed 
from  this  biased  sandwich.  As  is  clearly  shown  in  Fig.  69,  the  sideband 
amplitudes  obtained  with  two  driver  foils  are  four  times  the  amplitudes 
obtained  with  one  driver  foil.  Therefore,  with  the  application  of  a 
static  B-field,  two  sources  of  excitation  give  four  times  the- effect. 
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Comparision  of  Sideband  Amplitudes  for 
One  Ni  Driver  vs  Two  with  a  Static 
B-Field  Appliedi  PQ  -  300  W 


The  results  of  this  reexamination  of  the  Chien  and  Walker  experi¬ 
ment  support  only  the  first  conclusion  reached  in  that  original  work, 
namely  that  the  causitive  agent  of  rf  sidebands  can  be  produced  in  a 
ferromagnetic  layer  and  then  transported  into  a  nonmagnetic  layer. 
Their  other  conclusion  is  completely  refuted  by  this  demonstration 
because  the  effects  they  attributed  to  the  type  of  coupling  between 
layers  most  probably  resulted  from  the  relative  numbers  of  magnetic  and 
nonmagnetic  layers. 

These  new  results  go  beyond  the  propositions  tested  by  Chien  and 
Walker76  and  display  behaviors  completely  inconsistent  with  the  tradi¬ 
tional  magnetostrictive-acoustic  origin  of  Mossbauer  sidebands.  In 
experiments  such  as  these,  acoustic  phonons  are  the  bosons  associated 
with  vector  fields  driven  by  tensor  forces,  not  vector  forces.  Without 
invoking  stimulated  emission,  we  can  conceive  of  no  way  in  which  tensor 
sources  which  are  physically  separated  can  produce  coherent  vector 
fields  in  a  space  between  them,  even  if  they  are  temporally  synchro¬ 
nized.  The  stimulated  emission  of  phonons  to  produce  coherent  additions 
of  the  displacements  arising  from  the  different  sources  would  imply  the 
existence  of  a  threshold  of  power,  above  which  two  modulation  indices  of 
m  would  give  an  effect  of  4m2  and  below  which  only  2m2.  No  such 
threshold  was  suggested  by  data  similar  to  that  of  Fig.  69  which  was 
obtained  over  an  adequate  range  of  powers . 

In  view  of  the  growing  number  of  successes  of  the  model  for  the 
direct  modulation  of  the  phases  of  the  nuclear  states  and  these  new 
results  which  question  the  validity  of  the  conclusions  of  the  Chien  and 
Walker76  experiment,  it  would  appear  that  the  controversy  over  the 
origin  of  Mossbauer  sidebands  must  be  reopened. 
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CONCLUSIONS _ 

Achieved  during  this  second  year  of  research  into  the  feasibility 
of  a  gamma-ray  laser  were  advances  which  exceeded  all  reasonable 
expectations.  Giant  resonances  were  discovered  to  funnel  across  drastic 
changes  of  angular  momentum  the  nuclear  populations  produced  by  a  broad 
absorption  of  x-rays.  The  rule-of - thumb  for  the  useful  absorption  of 
flash  x-rays  in  this  nuclear  analog  to  the  gamma-ray  laser  proved  a 
million  times  too  pessimistic.  Limiting  bandwidths  were  not  microvolts, 
as  expected,  but  volts. 

Culminating  this  year's  work  were  two  major  milestones  which  showed 
that  both  of  the  two  poorest  of  the  29  candidates  for  a  gamma- ray  laser 
possessed  the  giant  resonances  for  pumping.  One,  180Tan\  is  nature's 
rarest  stable  element.  It  was  available  in  the  U.S.  in  the  macroscopic 
amount  of  1  mg  and  part  was  successfully  dumped  through  an  enormous 
cross  section  contributed  by  one  of  these  pumping  resonances.  The 
results  are  now  published  in  the  literature  and  represent  the  first  time 
in  the  50  year  history  of  (7,7')  reactions  that  an  isomeric  population 
has  been  dumped.  In  retrospect  it  was  easy,  the  technology  had  just  not 
been  assembled  before. 

Supporting  the  scientific  results  have  been  new  technologies 
developed  in  the  course  of  this  work.  The  experiences  with  the  x-ray 
pumping  of  nuclei  have  spun-off  a  nuclear  analog  of  the  optical  double 
resonance  instrumentation  with  which  the  spectra  from  large  impulsive 
sources  of  bremsstrahlung  can  be  calibrated  for  the  first  time.  De¬ 
scribed  in  this  report  are  successes  in  calibrating  the  spectral  outputs 
from  DNA/PITHON  md  DNA/AURORA  with  our  methodology.  In  a  different 
direction  the  precision  and  tuning  range  available  to  nuclear  spectros¬ 
copy  have  been  extended  through  the  successes  in  implementing  the 
nuclear  analogs  to  upconversion. 

Generally,  our  computer  codes  predicting  the  feasibility  of  a 
gamma- ray  laser  have  been  substantiated  by  these  intermediate  results 
reported  this  year.  Surprises  when  they  have  arrived,  have  been 
extremely  favorable.  The  giant  pumping  resonances  have  contributed  four 
to  six  order  of  magnitude  toward  feasibility  and  prime  examples  have 
been  found  in  both  of  the  29  candidates  available  for  examination.  If 
the  pervasiveness  of  these  resonances  extends  to  the  good  candidates  for  ! 
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